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ABSTRACT 
 
 
Michael Joseph Baltzley:  Evolution and Neurobiology of the Neural  
Circuitry Underlying Crawling in Nudibranch Molluscs 
(Under the direction of Kenneth J. Lohmann) 
 
 
     The evolution of animal behavior is, in part, a reflection of the evolution of the nervous 
system.  In the search for general principles of how neural circuits evolve, a fundamental 
question is whether certain elements of nervous systems tend to be conserved whereas others 
are evolutionarily labile.  Nudibranch molluscs are ideal for comparative studies of neural 
circuits because the sea slugs, as a group, show morphological and behavioral diversity yet 
possess a relatively simple nervous system.   
 The species Tritonia diomedea has been used as a model organism to understand the 
neural basis of various behavioral patterns, including the neural basis of mucociliary 
crawling.  Mucociliary crawling is the primary mode of locomotion by the nudibranchs, 
although muscular crawling has been observed in at least two species.  In addition to this 
behavioral variation, the nudibranchs also have variation in foot morphology.  To determine 
whether there are aspects of the nudibranch nervous system that are correlated with behavior 
or morphology, the neural circuit underlying crawling was examined in a number of 
nudibranch species. 
 The central nervous system of T. diomedea has two pairs of ciliary motor neurons that 
produce TPeps, a group of cilio-exitatory neuropeptides.  T. diomedea also has an extensive 
network of TPep-immuoreactive neurites at the base of the pedal epithelium.  A similar  
 iv
network of TPep-like immunoreactivity was found at the pedal epithelium of all nudibranchs 
examined.  This feature was also seen in several non-nudibranch species, indicating that the 
TPep-based cilio-excitatory system may be a general feature of the gastropods.  Additionally, 
neurons homologous to the T. diomedea ciliary motor neurons were found in all nudibranchs 
examined.  Differences in the size of ciliary motor neurons between species were not 
obviously correlated with crawling behavior or foot morphology.  There was a significant 
correlation between the number of cells and the ratio of the length of the foot to the width of 
the foot.  Species with a relatively wide foot tended to have more large TPep-LIR cells than 
species with a long, narrow foot.  Changes in cell number may be a common trend in how the 
nervous system evolves to match morphological changes. 
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Chapter 1 
Introduction to evolutionary neurobiology in nudibranch molluscs 
 
 Efforts to understand neural circuitry have traditionally focused on the function of 
individual neurons during specialized behavioral patterns in specific animals.  Diverse 
animals have been used to investigate how neural circuits control various behaviors, from 
echolocation in bats to swimming in leeches to song-learning in birds (Taylor et al., 2003; 
Radtke-Schuller, 2004; Fremouw et al., 2005; Bottjer, 2005; Briggman et al., 2005; Rosen 
and Mooney, 2006).  While these studies reveal how individual neural circuits function, the 
structure of any given neural circuit is influenced by the evolutionary history of the nervous 
system.  Comparative studies with many species can reveal themes in neural circuit design 
that cannot be identified by looking at individual species alone (Getting, 1989; Katz and 
Tazaki, 1992; Breidbach and Kutsch, 1995; Wright, 1998; Wright, 2000). 
 Nudibranch molluscs, or sea slugs, are ideal for comparative studies because of the 
morphological and behavioral diversity within this group.  Nudibranchs have a relatively 
simple nervous system with individually identifiable neurons.  Thus, comparisons can be 
made between homologous neurons in different species.  In the following sections, I discuss 
hypotheses about how the nervous system evolves that can be addressed through comparative 
studies.  I also address the advantages of nudibranchs as a model system for comparative 
neurobiology.  Lastly, I explain the neural circuit that controls crawling in the nudibranch
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Tritonia diomedea, which is central to the design and interpretation of the experiments 
described in this dissertation. 
 
Evolution of neural circuits 
 In the search for general principles of how evolution shapes neural circuits, a fundamental 
issue is identifying which elements of nervous systems tend to be conserved and which 
elements are evolutionarily labile (Croll, 1987; Breidbach and Kutsch, 1995).  By comparing 
findings in different invertebrate groups, several themes stand out.  One trend is that neuron 
types are often conserved among species, although the number of cells of a given type may 
vary (Turrigiano and Selverston, 1991; Witten and Truman, 1998; Katz and Harris-Warrick, 
1999; Katz et al., 2001).  For example, the larvae of all marine snails have a cluster of 
serotonergic sensory neurons in the apical ganglion; however, the number of cells varies 
from 3 to 5 in different species with no obvious correlation with morphology or behavior 
(Page and Parries, 2000; Page, 2002). 
 Another theme is that many individual neurons are multifunctional (Getting, 1989; 
Meyrend et al., 1994; Dickinson, 1995; Lieske et al., 2000; Berkowitz, 2002; Marder et al., 
2005).  Instead of a given neuron being dedicated to a specific behavioral pattern, each cell 
often has multiple functions.  The output of multifunctional cells is altered by the addition of 
neuromodulators or by the addition or subtraction of input from a small number of other 
neurons (Katz, 1995; Marder and Calabrese, 1996; Blitz and Nusbaum, 1999; Fenelon et al., 
2004).  For example, the Dorsal Swim Interneurons (DSIs) in Tritonia diomedea are integral 
parts of both the swimming and crawling neural circuits (Popescu and Frost, 2002).  The 
DSIs fire rhythmically as part of the swimming neural circuitry and tonically as part of the 
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crawling neural circuitry.  The difference in the activity of the DSIs is due to inhibition from 
Ventral Swim Interneurons (VSIs).  During swimming, the VSIs and DSIs are active and 
mutually inhibitory, causing both cell types to be rhythmically active (Getting and Dekin, 
1985).  During crawling, the VSIs are not active and therefore the DSIs are tonically active 
(Popescu and Frost, 2002).    
 The conservation of cell type between species and the prevalence of multifunctional 
neurons have led to the hypothesis that the central nervous system (CNS) is likely to be 
highly conserved (Kavanau, 1990; Arbas, et al., 1991; Tierney, 1996; Katz and Harris-
Warrick, 1999).  If an individual neuron is multifunctional, changing its function in relation 
to one behavior may affect other behavioral patterns.  In contrast, peripheral structures can be 
modified without widespread repercussions for other behavioral patterns (Tierney, 1996; 
Katz and Harris-Warrick, 1999).  As a result, the CNS may be highly conserved whereas the 
peripheral nervous system (PNS) is likely to be evolutionarily plastic. 
 A key aspect to testing hypotheses on the evolution of neural circuits is identifying 
evolutionarily homologous neurons in different species.  The identification of evolutionarily 
homologous feature is an argument of shared ancestry based on observable similarities 
(Arbas et al., 1991; Panchen, 1994).  Regardless of the criteria used to argue homology, 
similarity between features could be a product of parallel evolution rather than shared 
ancestry and therefore a certain level of uncertainty is inherent in any functional definition of 
homology (Roth, 1984; Bulloch and Ridgeway, 1995).  Among neurobiologists, the criteria 
used to identify homologous neurons in both the CNS and PNS are cell location, cell size, 
neurotransmitter content, the projection pattern of neural processes and cell physiology 
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(Weiss and Kupfermann, 1976; Nusbaum and Kristan, 1986; Croll, 1987; Watson and 
Willows, 1992; Breidbach and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001).   
 While largely ignored by invertebrate neurobiologists, developmental origin is often a 
useful criterion for determining whether structures are homologous (Panchen, 1994).  
Unfortunately the developmental origin of individual neurons in sea slugs is difficult to 
establish.  Nudibranchs usually have a feeding larval stage that takes two or three months to 
reach metamorphosis, so few species have been cultured from egg to adult (Strathmann, 
1987).  In species that have been successfully cultured past metamorphosis, development is 
slow.  For example, T. diomedea take over 100 days to develop from eggs to juveniles that 
are 5 mm in length (Kempf and Willows, 1977).  Similarly, Rostanga pulchra take about 120 
days to develop from eggs to juveniles about 4.5 mm in length (Chia and Koss, 1978).  As a 
result, arguments for homology between neurons in adult sea slugs are based on the 
morphology and physiology of cells, without knowledge of developmental origins (Wright et 
al., 1996; Croll et al., 2001; Katz et al., 2001) 
 The problem with using morphological and physiological features to identify neurons as 
homologous is that any morphological or physiological feature may differ between 
evolutionarily homologous neurons.  These changes may in fact be why the cells are 
interesting from a comparative perspective.  The challenge is to identify neurons that share 
enough similarities that they can be identified as homologues, but have enough differences 
that the changes can be correlated with changes in behavior.   
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Nudibranch gastropods as a model system 
 Compared to other invertebrates, gastropods have a small number of neurons in the central 
ganglia.  Gastropods also possess some of the largest neurons identified within the animal 
kingdom.  For example, the sea slug T. diomedea has less than 8,500 neurons in the CNS, 
and about 500 of these cells have soma that are greater than 100 µm in diameter (Willows et 
al., 1973; Boyle et al., 1983; Beck et al., 2000).  In contrast, the leech Hirudo medicinalis 
only has about 400 neurons in each mid-body ganglion, but it has a total of 34 segmental 
ganglia and the largest neurons are only about 50 to 80 µm in diameter (Sawyer, 1986).  
Locusts have some motor neurons that can reach up to 100 µm in diameter, but they have at 
least 360,000 neurons in the brain alone (Burrows, 1996).     
 The combination of large, conspicuous neurons and simple behavioral patterns has 
resulted in gastropods becoming model systems for understanding the neural control of 
behavior.  For example, the neural control of crawling has been investigated in the sea hare 
Aplysia californica (Hening et al., 1979; Jahan-Parwar and Fredman, 1980; Fredman and 
Jahan-Parwar, 1980), the freshwater snails Planorbis corneus and Lymnaea stagnalis 
(Deliagina and Orlovsky, 1990a; 1990b; Pavlova and Bakeeva, 1993; McKenzie et al., 1998), 
the terrestrial slug Helix lucorum (Pavlova, 2001), and the sea slugs Hermissenda 
crassicornis and T. diomedea (Audesirk, 1978a; 1978b; Popescu and Frost, 2002; Crow and 
Tian, 2003; Wang et al., 2003; Cain et al., 2006).  Because many gastropods have been used 
for neuroethology studies, the neurotransmitter content, projection patterns, and function of 
hundreds of cells have been established (Chase, 2002).  This understanding of the gastropod 
nervous system, coupled with the morphology of the nervous system, makes gastropods 
useful for comparative studies. 
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  In contrast to most other gastropods, opisthobranch gastropods either lack a shell or have 
a reduced shell, making the CNS readily accessible.  Within the Subclass Opisthobranchia, 
the Order Nudibranchia consists of four suborders within the monophyletic clade Nudipleura 
(Figure 1.1) (Wollscheid and Wägele, 1999; Wägele and Willan, 2000; Wollscheid-
Lengeling et al., 2001).  The Order Pleurobranchoidea is also within the Nudipleura, but the 
relationship of the pleurobranchs to the nudibranchs is unresolved (Grande et al., 2004a; 
Grande et al., 2004b; Vonnemann et al., 2005).  Within the nudibranchs, the suborder 
Doridoidea is a monophyletic group that is basal to the other nudibranchs.  The other 
suborders—Arminoidea, Aeolidoidea and Dendronotoidea—are probably not monophyletic 
and the relationship between them is unresolved (Wollscheid and Wägele, 1999; Wägele and 
Willan, 2000; Wollscheid-Lengeling et al., 2001).   
 In nudibranchs, the CNS consists of the central ganglia—the pedal, pleural, cerebral and 
buccal ganglia—and the nerves connecting the ganglia (Figure 1.2).  The PNS consists of all 
other neurons and neural processes, including the neurons in smaller ganglia and the neural 
processes in the nerves that connect the CNS with tissues and organs (Chase, 2002).  The 
organization of the central ganglia is similar across the nudibranchs, which facilitates 
comparisons between species.  However, the nudibranchs show variation in morphology and 
in behavior (Figure 1.3).  For example, swimming has evolved twice within the dendronotid 
nudibranchs and at least once within the dorids (Katz et al., 2001; Willows, 2001).  
Additionally, the species T. diomedea and Armina californica both eat the same species of 
sea pen, Ptilosarcus gurneyi, yet T. diomedea has a complex bite strike behavior for 
attacking their prey that does not occur in A. californica (Willows, 1978; personal 
observation).  Lastly, while T. diomedea and H. crassicornis appear to crawl exclusively  
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Figure 1.1.  Hypothesized phylogenies of the Nudipleura.  Order Anaspidea, order 
Pleurobranchoidea and order Nudibranchia are all opisthobranchs.  The relationship of order 
Pleurobranchoidea to the four nudibranch suborders is unresolved.  The outgroup, order 
Anaspidea, contains the sea hare Aplysia californica.  A:  The nudibranchs as a monophyletic 
clade (Wägele and Willan, 2000; Vonnemann et al., 2005).  B:  The nudibranchs as a 
paraphyletic clade (Grande et al., 2004a; 2004b). 
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Figure 1.1 
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Figure 1.2 
 
 
Figure 1.2.  Schematic diagram of the central ganglia of nudibranch gastropods.  The dorsal 
side of the brain is shown.  
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Figure 1.3.  Nudibranch representatives from the four suborders.  A:  Two color morphs of 
the dorid Archidoris montereyensis.  B:  The dorid Triopha catalinae.  C:  The arminid 
Armina californica.  D:  The arminid Dirona albolineata.  E:  The aeolid Hermissenda 
crassicornis.  F:  Two adults of the dendronotid Tritonia diomedea.  A-E:  Scale bar = 1 cm.  
F:  Scale bar = 5 cm.  Original images A-E by Heather Baltzley.  Brightness and contrast of 
all images were adjusted in Adobe Photoshop. 
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Figure 1.3 
A B 
  
 
C D 
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Figure 1.3 
E F 
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using mucociliary locomotion (Audesirk, 1978a; Crow and Tian, 2003), Melibe leonina 
(James M. Newcomb, personal communication) and Dendronotus iris (Agersborg, 1922) 
alternate between mucociliary and muscular crawling. 
 The use of mucociliary locomotion by T. diomedea and H. crassicornis is noteworthy 
because most gastropods crawl using muscular locomotion (Miller, 1974a; 1974b).  All 
gastropods have a ciliated foot epithelium and gastropods with a free-swimming larval stage 
use cilia to swim (Jones, 1975; Miller, 1978a; Arkett et al., 1987; McKenzie et al., 1998).  As 
a result, some researchers have concluded that mucociliary locomotion is the basal form of 
locomotion in gastropods (Jones, 1975).  However, the polyplacophorans and aplacophorans, 
the molluscan groups ancestral to gastropods, use muscular pedal waves for locomotion 
(Miller, 1974a).  Additionally, rhythmic muscular crawling is the dominant form of 
locomotion in prosobranch gastropods, the most primitive group of gastropods (Miller, 
1974a; 1974b).  These considerations suggest that muscular locomotion is probably the basal 
form of locomotion for adult gastropods.   
 The repeated evolution of mucociliary locomotion presents the opportunity to study how 
the nervous system changes as new behaviors evolve and how different lineages evolve 
different behavior from a common neural substrate.  It appears that mucociliary locomotion 
is a common adaptation to crawling on soft substrates (Miller, 1974a; Miller, 1974b).  In a 
survey of crawling behavior in marine snails, all but 3 of the 133 species found living on hard 
substrates crawled using muscular locomotion (Miller, 1974b).  Likewise, of the 49 species 
found living on sand or mud, 30 crawled using mucociliary locomotion.  A number of 
nudibranchs live in rocky intertidal habitats, including the aeolid Aeolidia papillosa and the 
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dorids Rostanga pulchra and Archidoris montereyensis, so there are likely nudibranchs that 
crawl using muscular locomotion exclusively. 
 
Control of mucociliary locomotion in Tritonia diomedea 
 T. diomedea has been used as a model for understanding the neural control of mucociliary 
locomotion.  Several neurotransmitters have been shown to affect the ciliary beat frequency 
in T. diomedea.  Serotonin and dopamine applied to isolated patches of foot tissue both 
increase the rate of ciliary beating on the foot (Audesirk et al., 1979; Willows et al., 1997).  
The Tritonia Pedal peptides, TPeps, have a cilio-excitatory effect on T. diomedea foot cilia, 
salivary duct cilia and esophageal cilia when applied to isolated patches of epithelium 
(Willows et al., 1997; Gaston, 1998).  TPeps are delivered to the foot cilia by an extensive 
network of TPep-containing neurites at the basement membrane of the pedal epithelium 
(Cain, 2001; Cain et al., 2006).  Within these neurites, the TPeps are located within dense-
core vesicles that are adjacent to the epithelial cells (Cain, 2001).   
 TPeps are a group of three 15-amino acid long neuropeptides that were initially isolated 
from T. diomedea (Lloyd et al., 1996).  The three TPeps (TPep-NLS; TPep-PAR; TPep-PLS) 
vary at positions 1, 8 and 12.  Functionally, all three TPeps appear to have the same effects 
on the ciliary beat frequency of T. diomedea foot cilia and salivary duct cilia (Willows et al., 
1997; Gaston, 1998).  It is possible that the variable positions are not important in receptor 
binding on the ciliated epithelial cells (Willows et al., 1997).  The TPeps show over 45% 
sequence identity to the Aplysia Pedal peptide (Pep) (Lloyd et al., 1996).  Pep modulates foot 
muscle contractions in the sea hare Aplysia californica but affects neither muscular 
contractions nor ciliary beating in T. diomedea (Hall and Lloyd, 1990; Willows et al., 1997).   
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 Three bilaterally paired neurons in the T. diomedea pedal ganglia have been identified as 
cilio-excitatory neurons.  The Pedal 21 (Pd21) cells are serotonergic neurons located on the 
ventral side of the pedal ganglia (Audesirk et al., 1979; Fickbohm et al., 2001).  These cells 
have neurites that project from the pedal ganglia to the posterior, ipsilateral portion of the 
foot (Audesirk, 1978a).  The right and left Pd21 neurons are electrically coupled and are 
therefore synchronized (Audesirk, 1978b).  An increase in activity of the Pd21 neurons is 
correlated with an increase in mucociliary locomotion (Audesirk, 1978a; 1978b).  The Pedal 
5 (Pd5) and Pedal 6 (Pd6) neurons are large, TPep-immunoreactive neurons located adjacent 
to one another on the dorsal surface of the pedal ganglia (Figure 1.4) (Lloyd et al., 1996; 
Beck et al., 2000).  Pd5 has neurites in the ipsilateral Pedal Nerve 2, which innervates the 
anterior portion of the foot, and the ipsilateral Pedal Nerve 3, which innervates the posterior 
two-thirds of the foot (Willows et al., 1973b; Lohmann et al., 1991; Cain et al., 2006).  Pd6 
has neurites in the ipsilateral Pedal Nerve 1, which innervates the anterio-lateral margin of 
the foot, and the ipsilateral Pedal Nerve 2 (Willows et al., 1973b; Wang et al., 2003).  
Stimulation of Pd5 and Pd6 increases the rate of mucociliary locomotion (Popescu and 
Willows, 1999; Wang et al., 2003). 
 It is possible that serotonin and TPeps are simply redundant cilio-excitatory 
neurotransmitters in T. diomedea.  Alternatively, each neurotransmitter may be part of a 
different mucociliary motor circuit and each may have a different function.  For example, 
serotonin could be used to increase the rate of ciliary beating in order to increase forward 
crawling speed.  Because the serotonergic Pd21 neurons are electrically coupled, any 
stimulus that excites one Pd21 neuron also excites the paired Pd21 neuron.  Therefore, when 
the Pd21 neurons are used in mucociliary locomotion, they increase locomotory speed of  
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Figure 1.4 
 
Figure 1.4.  TPep-like immunolabeling in Tritonia diomedea central ganglia.  Brain is shown 
dorsal-side up.  Double arrows indicate the Pd5 neurons.  Single arrows indicate the Pd6 
neurons.  Arrowheads indicate the Pedal 7 (Pd7) neurons.  Scale bar = 250 µm.  Brightness 
and contrast were adjusted in Adobe Photoshop. 
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both halves of the foot.  In contrast, the TPep-producing Pd5 and Pd6 neurons are not 
electrically coupled and are differentially active (Wang et al., 2003; Cain et al., 2006).  
Theoretically, if the Pd5 and Pd6 neurons on the left half of the brain are excited, the ciliary 
beating on the left half of the foot could increase without a similar increase in ciliary beating 
on the right half of the foot, thereby helping the animal to turn right (Cain et al., 2005; 2006).  
The Pd5 and Pd6 cells may therefore play a role in orientation as well as locomotion. 
 
Summary of Experiments 
 The experiments described in the following chapters examine the relationship between the 
mode of crawling and the neuroanatomy of the TPep-based neural circuitry that is associated 
with mucociliary crawling in the nudibranch T. diomedea.  In Chapter 2, the presence of 
TPep-like immunoreactive (TPep-LIR) neurites at the pedal epithelium in various gastropod 
species is examined.  The results suggest that the network of TPep-LIR neurites at the pedal 
epithelium is a widespread feature in the PNS of gastropods.  This TPep-network may even 
be a basal feature of the gastropod nervous system.    
 Chapter 3 is the characterization of a large, TPep-LIR neuron in the sea slug Armina 
californica.  Based on cell size, location, neuroanatomy and neurotransmitter content, this 
neuron is identified as a likely homologue to the T. diomedea Pd5 neuron.  Like the Pd5 
neuron in T. diomedea, the Pd5 homologue in A. californica may be a ciliary motor neuron.  
A homologue to the T. diomedea Pd6 neuron was absent in A. californica. 
 Chapter 4 is an investigation of the TPep-producing neurons in the central ganglia among 
the nudibranchs.  All nudibranchs examined possessed at least one large, TPep-LIR neuron 
on the dorsal surface of the pedal ganglion, similar to the Pd5 and Pd6 cells in T. diomedea.  
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The size of the TPep-LIR cells varied between species with no obvious correlation to 
behavioral or morphological traits.  The number of TPep-LIR cells was correlated with foot 
shape.  Species with a relatively wide foot tended to have more large TPep-LIR cells than 
species with a long, narrow foot.  Lastly, Chapter 5 is a discussion of the significance and 
future direction of the experiments contained within this dissertation.  
 
Chapter 2 
TPep-like immunoreactivity at the pedal epithelium:  Evidence for 
conservation of peripheral nervous system anatomy 
 
Summary 
 Unlike most gastropods, the sea slug Tritonia diomedea crawls using mucociliary 
locomotion.  Crawling is controlled in part by Tritonia Pedal peptides (TPeps).  TPeps are 
released at the epithelium of the foot and elicit an increase in the beat frequency of nearby 
cilia, thereby increasing crawling speed.  An extensive network of neurites containing TPeps 
exists at the basement membrane of the pedal epithelium in T. diomedea and delivers TPeps 
to the ciliated cells.  To determine whether this TPep-network is a neuroanatomical structure 
associated specifically with mucociliary locomotion, the mode of crawling and the presence 
of TPeps in species from all four nudibranch suborders were examined.  The TPep-
innervation pattern of two non-nudibranch gastropods that crawl exclusively using muscular 
locomotion was also examined.  The results show that all but two nudibranch species had a 
similar pattern of TPep-innervation as T. diomedea, with thin tracts of TPep-like 
immunoreactive (TPep-LIR) neurites projecting to the epithelial layer and extensive TPep-
LIR labeling along the base of the epithelium.  The remaining two nudibranchs also had 
TPep-LIR neurites projecting to the epithelial layer, but the projections did not show much 
branching at the epithelium.  All nudibranchs appeared capable of mucociliary locomotion, 
although some species alternated between muscular locomotion and mucociliary locomotion.  
Both of the non-nudibranch species had a pattern of TPep-innervation similar to that of the 
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nudibranchs.  These findings imply that the extensive network of TPep-LIR neurites seen in 
the foot of T. diomedea is a common feature among gastropods and suggest that this 
characteristic has been conserved evolutionarily.   
 
Introduction 
 The evolution of animal behavior is, in part, a reflection of the evolution of the nervous 
system.  Changes in neural circuitry may lead to novel behavioral patterns or to 
modifications of existing behavior (de Bono and Bargmann, 1998; Katz and Harris-Warrick, 
1999; Fenelon et al., 2004; Paul, 2004).  Individual neural networks are often multifunctional 
and underlie multiple behavioral patterns (Kavanau, 1990; Tierney, 1996; Katz and Harris-
Warrick, 1999; Fenelon et al., 2004; Marder et al., 2005); therefore, even a small change in 
circuitry may have far-reaching consequences.  Thus, behavior and the nervous system 
evolve in parallel, with evolutionary constraints and opportunities acting on each. 
 In the search for general principles of how neural circuits evolve, a fundamental question 
is whether certain elements of nervous systems tend to be conserved whereas others are more 
evolutionarily labile (Croll, 1987; Breidbach and Kutsch, 1995).  One hypothesis is that the 
peripheral nervous system (PNS) is under fewer constraints than the central nervous system 
(CNS) and is thus more likely to undergo rapid evolutionary change (Arbas, et al., 1991; 
Tierney, 1996; Katz and Harris-Warrick, 1999).  However, several studies with invertebrate 
animals have suggested that the PNS is in fact highly conserved (Meier and Reichert, 1995; 
Moroz et al., 1997).  To provide more insight into this issue, additional studies with diverse 
species are needed. 
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 Opisthobranch molluscs have been used extensively to study the structure and function of 
neural circuits in both the central and peripheral nervous systems (Bailey et al., 1979; 
Kandel, 1979; McPherson and Blankenship, 1992; Satterlie and Norekian, 1995; Lechner et 
al., 2000; Satterlie et al., 1995; Willows et al., 1997).  The model organism for understanding 
the neural circuitry underlying mucociliary locomotion is the sea slug Tritonia diomedea 
(Audesirk, 1978a; Audesirk, 1978b; Willows et al., 1997; Popescu and Willows, 1999; Wang 
et al., 2003; Cain et al., 2006).  The use of mucociliary locomotion by T. diomedea is 
noteworthy because most gastropods crawl using muscular locomotion (Miller, 1974a; 
1974b).  Mucociliary locomotion is thought to be a common adaptation to crawling on soft 
substrates (Miller, 1974a; Miller, 1974b).  Because muscular locomotion is more common 
than mucociliary locomotion among the gastropods and because a number of nudibranchs 
live in rocky intertidal habitats, including the aeolid Aeolidia papillosa and the dorid 
Archidoris montereyensis, there are probably nudibranchs that crawl using muscular 
locomotion. 
 Recent studies of T. diomedea have examined the role of Tritonia Pedal peptides (TPeps) 
in mucociliary crawling (Popescu and Willows, 1999; Popescu and Frost, 2002; Wang et al., 
2003; Wang et al., 2004; Cain et al., 2006).  TPeps are released at the epithelium of the foot 
and elicit an increase in the beat frequency in nearby cilia, thus increasing the crawling speed 
of the animal (Popescu and Willows, 1999; Popescu and Frost, 2002; Wang et al., 2003; 
2004).  An extensive network of TPep-containing neurites exists at the basement membrane 
of the pedal epithelium in T. diomedea and delivers TPeps to the ciliated cells (Willows et 
al., 1997; Cain, 2001; Cain et al., 2006).  To determine if this pattern of peripheral neurites 
containing TPeps is conserved or whether it is a specialization for mucociliary locomotion,  
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Table 2.1.  Summary of gastropod species examined for TPep-like immunoreactivity (TPep-
LIR) at the ciliated pedal epithelium and for mode of locomotion.   
 
Subclass Opisthobranchia    
 Order Nudibranchia  TPep-LIR Crawling 
 Suborder Aeolidoidea Aeolidia papillosa  x 
 Flabellina verrucosa x  
 Suborder Arminoidea Armina californica x x 
 Dirona albolineata  x 
 Dirona aurantia x x 
 Janolus fuscus x  
 Suborder Dendronotoidea Dendronotus dalli  x 
 Dendronotus iris x  x1 
 Dendronotus rufus  x 
 Melibe leonina x x 
 Tochuina tetraquerta x x 
 Tritonia diomedea x2  x3 
 Tritonia festiva  x 
 Suborder Doridoidea Archidoris montereyensis x x 
 Cadlina leutomarginata x x 
 Dialula sandiegensis x x 
 Triopha catalinae  x 
     Order Anaspidea    
 Phyllaplysia taylori x x 
Subclass Prosobranchia    
 Order Archaeogastropoda    
 Calliostoma ligatum x x 
 
1Reported in Agersborg, 1922 
2Reported in Willows et al., 1997; Cain, 2001; Cain et al., 2006 
3Reported in Audesirk, 1978a; 1978b 
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the peripheral neuroanatomy of 10 nudibranch species and 2 non-nudibranch species was 
examined (Table 2.1).  The results indicate that the presence of TPep-like immunoreactive 
(TPep-LIR) neurites at the pedal epithelium is a basal trait in the nudibranchs and is highly 
conserved.  The TPep-network at the pedal epithelium in gastropods appears to be a general 
feature in all gastropods and is not correlated with mucociliary locomotion.   
 
Materials and Methods 
Animal collection 
 All animals were collected within the state of Washington, USA.  T. diomedea and 
Dendronotus iris were trawled from Bellingham Bay at depths of approximately 30 m.  
Melibe leonina was collected by hand in shallow areas off Shaw Island.  Dirona aurantia, 
Dirona albolineata, Triopha catalinae and A. montereyensis were collected off the dock at 
the University of Washington Friday Harbor Laboratories in Friday Harbor.  All other 
species were collected from the area around San Juan Island by researchers at the Friday 
Harbor Labs.  All animals were maintained in flow-through seawater tanks at the Friday 
Harbor Labs.      
 
TPep-immunolabeling 
 Tissue was prepared using a protocol modified from Beck et al., 2000.  A piece of tissue 
(approximately 1 cm2) from the middle of the foot was removed and placed in filtered sea 
water (FSW) in a refrigerator at 4°C for 24 to 48 hours.  This kept the tissue viable, but 
allowed the epithelium to secrete much of the mucus contained within the epithelial layer.  
Tissue samples were fixed at 4°C for 5 to 12 hours in 4% paraformaldehyde in FSW with 50 
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mM Tris and subsequently rinsed twice in FSW, then three times in PBS (phosphate buffer, 
saline), at room temperature for at least 2 hours.  Tissue samples were embedded in a gel 
made by dissolving 1.5% low melting point agarose in PBS and then cut in transverse 
sections 100 µm to 200 µm thick.  The sections were permeabilized in PTA (PBS with 4% 
Triton-X 100 and 0.1% NaN3) for 12 to 24 hours, then incubated at 4°C in PTA with 6% 
normal donkey serum (NDS) for 6-12 hours, followed by incubation at 4°C in PTA, 6% 
NDS, and 0.2% rabbit anti-TPep-NLS for 24-48 hours.  After being rinsed 5 times in PTA 
over 12 hours at room temperature, the sections were incubated at 4°C in PTA with 6% NDS 
for 12-24 hours, followed by an incubation at 4°C in PTA, 6% NDS, and 0.125% Alexafluor 
488 donkey anti-rabbit IgG (Molecular Probes, Eugene, Oregon, USA) for 24-48 hours.  The 
tissue sections were then rinsed at room temperature 5 times in PBS over 12 hours.  Finally, 
the tissue was dehydrated through an ethanol series, cleared with xylenes, and mounted in 
DPX.   
 To control for non-specific labeling by the secondary antibody, tissue samples from each 
specimen were incubated without the TPep-NLS antibody.  To control for non-specific 
labeling by the primary antibody, 100 µM TPep-NLS was added to the primary antibody 
solution 24 hours before incubating the tissue in the antibody solution.  All TPep-
immunolabeling was imaged with a Bio-Rad MRC-1400 confocal microscope and captured 
using Bio-Rad LaserSharp2000 software. 
 
Crawling 
 Fifteen species, including 13 nudibranch species, were observed while crawling to identify 
whether the animals crawled using mucociliary locomotion or muscular waves (Table 2.1).  
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Because most species were not always available, some species were observed crawling but 
were not immunolabeled.  Likewise, two species, Janolus fuscus and Flabellina verrucosa, 
were immunolabeled but were not observed crawling.  To observe crawling behavior, 
animals were placed in an elevated, transparent Plexiglas tank.  Each animal was observed 
visually while crawling and was also recorded with a video camera.  If the animal moved 
forward without any noticeable changes in the shape of the foot, which would be indicative 
of muscular contractions, the animal was classified as a mucociliary locomotor (Copeland, 
1919; Copeland, 1922; Audesirk, 1978a).   
 It is possible that animals classified as mucociliary locomotors were using muscular waves 
that were too small to see with the naked eye.  To exclude the possibility that animals which 
appeared to crawl using mucociliary locomotion were instead using small, undetected 
muscular waves, specimens of T. diomedea, D. albolineata, Dialula sandiegensis, A. 
montereyensis, M. leonina, T. catalinae and Aeolidia papillosa were anesthetized with 0.2% 
propylene phenoxetol in FSW, then observed crawling as described above.  Propylene 
phenoxetol is a muscle relaxant commonly used on pearl oysters (Norton et al., 1996; 
Acosta-Salmón and Southgate, 2006).  Propylene phenoxetol inhibits muscular contractions 
in some gastropods, but has different efficacy in different species (Wyeth, R, personal 
communication).   
 
Results 
TPep-immunolabeling 
 All species had TPep-like immunoreactive (TPep-LIR) neurites in the foot tissue near the 
ciliated epithelium.  In most species, there was a general pattern of an extensive network of 
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TPep-LIR neurites near the epithelium and small tracts of TPep-labeling in the connective 
tissue and musculature.  This pattern was observed in D. aurantia (Figure 2.1), as well as in  
A. montereyensis (Figure 2.2A), Armina californica (Figure 2.2B), Cadlina leutomarginata 
(Figure 2.2C), D. sandiegensis (Figure 2.2D), F. verrucosa (Figure 2.2E), J. fuscus (Figure 
2.2F) and Tochuina tetraquerta (Figure 2.2G).  In J. fuscus, the TPep-LIR neurites appeared 
to penetrate into the epithelial layer (Figure 2.2F).    
 In M. leonina (Figures 2.3A, 2.3B) and D. iris (Figures 2.3C, 2.3D), the TPep-LIR 
neurites that projected to the ciliated pedal epithelium did not branch extensively.  In other 
species, tracts of TPep-LIR neurites are seen running along the basement membrane of the 
pedal epithelium.  This pattern was not observed in M. leonina and D. iris.  The two non-
nudibranch species examined, P. taylori and C. ligatum, had a network of TPep-LIR neurites 
similar to the majority of the nudibranchs (Figure 2.4).  In all cases, there was no labeling in 
the control tissue. 
  
Crawling 
 Of all the nudibranch species videotaped in order to determine the mode of locomotion, all 
were able to crawl without any apparent muscular waves; therefore, these animals are likely 
mucociliary locomotors.  Like the other nudibranchs, M. leonina was able to crawl using 
mucociliary locomotion; however, M. leonina also occasionally switched to muscular 
crawling.  When using muscles to crawl, M. leonina extends the foot forward, anchors the 
foot to the substrate, and then draws the back end of the body forward.  This observation 
contradicts a published report (Agersborg, 1923), but has been observed previously 
(Newcomb, JM, personal communication).  Of the species that were anesthetized with 0.2% 
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Figure 2.1.  TPep-like immunolabeling in foot tissue of Dirona aurantia.  A:  Confocal 
micrograph of a transverse section of the foot immunolabeled for TPeps.  The epithelial layer 
is shown with the bracket.  Individual neurites, indicated by single arrows, project towards 
the epithelium and then run along the base of the epithelium.  Scale bar = 100 µm.  B:  Same 
as A except scale bar is 50 µm.  C:  Same field of view as B.  Confocal micrograph overlaid 
on transmitted light micrograph.  Bracket shows the epithelial layer, single arrow shows a 
neurite that projects to epithelial layer.  Double arrows indicate cilia on surface of the 
epithelium.  Scale bar = 50 µm.  Brightness and contrast for all micrographs was adjusted in 
Adobe Photoshop. 
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Figure 2.2.  TPep-like immunolabeling in foot tissue of various nudibranchs.  Each confocal 
micrograph is of a transverse section of foot tissue immunolabeled for TPeps.  In each 
species, there is extensive TPep-like immunolabeling at the base of the epithelium.  TPep-
labeled neurites project to the epithelium.  A:  Archidoris montereyensis.  Scale bar = 50 µm.  
B:  Armina californica.  Scale bar = 75 µm.  C:  Cadlina leutomarginata.  Scale bar = 75 
µm.  D:  Dialula sandiegensis.  Scale bar = 50 µm.  E:  Flabellina verrucosa.  Scale bar = 50 
µm.  F:  Janolus fuscus.  The epithelial layer is shown with the bracket.  Individual neurites, 
indicated by single arrows, project into the epithelial layer.  Scale bar = 75 µm.  G:  
Tochuina tetraquerta.  Bracket indicates epithelium.  Scale bar = 50 µm.  Brightness and 
contrast for all micrographs was adjusted in Adobe Photoshop. 
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Figure 2.3.  TPep-like immunolabeling in foot tissue of Melibe leonina and Dendronotus 
iris.  A:  Confocal micrograph of a transverse section of the foot from M. leonina 
immunolabeled for TPeps.  Scale bar = 50 µm.  B:  Confocal micrograph overlaid on 
transmitted light micrograph of the same field of view as in A.  Scale bar = 50 µm.  C:  
Confocal micrograph of a transverse section of the foot from D. iris immunolabeled for 
TPeps.  Bracket indicates epithelium.  Scale bar = 75 µm.  D:  Same field of view as C.  
Confocal micrograph overlaid on transmitted light micrograph.  Bracket indicates epithelium.  
Scale bar = 75 µm.  Brightness and contrast for all micrographs was adjusted in Adobe 
Photoshop. 
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Figure 2.4.  TPep-like immunolabeling in foot tissue of Phyllaplysia taylori and Calliostoma 
ligatum.  A:  Confocal micrograph of a transverse section of the foot from P. taylori 
immunolabeled for TPeps.  Scale bar = 25 µm.  B:  Confocal micrograph overlaid on 
transmitted light micrograph of the same field of view as in A.  Scale bar = 25 µm.  C:  
Confocal micrograph of a transverse section of the foot from C. ligatum immunolabeled for 
TPeps.  Bracket indicates epithelium.  Scale bar = 50 µm.  Brightness and contrast for all 
micrographs was adjusted in Adobe Photoshop. 
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propylene phenoxitol, T. diomedea and A. papillosa appeared completely anesthetized.  The 
animals were flaccid and did not show any noticeable muscular movements, yet continued to 
crawl.  D. albolineata and D. sandiegensis continued to crawl as well, but showed occasional 
small movements of the cerata and rhinophores, indicating that the animals were still capable 
of some muscular contraction.  The anesthetized specimens of M. leonina, T. catalinae and 
A. montereyensis tended to float just above the bottom of the tank so their ability to crawl 
could not be tested.  The two non-nudibranch gastropods examined, Phyllaplysia taylori and 
Calliostoma ligatum, are both muscular crawlers.  Like M. leonina, P. taylori extends the 
foot forward, anchors the foot to the substrate, then draws the back end of the body forward.  
C. ligatum exhibits a direct ditaxic wave, as described by Miller (1974b).   
 
Discussion 
 In all the nudibranchs investigated, TPep-like immunoreactive neurites projected to the 
ciliated epithelium (Figures 2.1, 2.2).  In most species, the neurites branched near the pedal  
epithelium resulting in an extensive network of TPep-LIR neurites at the base of the 
epithelium.  In two species, M. leonina and D. iris (Figure 2.3), TPep-LIR neurites project to 
the epithelium, but do not appear to branch extensively.  In the anaspid P. taylori and the 
prosobranch C. ligatum (Figure 2.4), the TPep-LIR neurites form an extensive network 
similar to the nudibranchs, with the exception of M. leonina and D. iris.  It is possible that the 
TPep-NLS antibody is binding to a different peptide in the absence of TPep-NLS.  To 
confirm that the antibody is binding to TPeps, the peptides would need to be sequenced.  
However, if the antibody is in fact binding to TPep-NLS, then the presence of TPep-
containing neurites at the pedal epithelial layer is a widespread feature in the PNS of 
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gastropods.  This TPep-network may even be a basal feature of the gastropod nervous system 
(Figure 2.5).   
 TPeps act as cilio-excitatory neuropeptides on pedal cilia, salivary duct cilia and 
esophageal cilia of T. diomedea (Willows et al., 1997; Gaston, 1998; Pavlova et al., 1999).   
The conserved function of TPeps on different epithelial surfaces combined with the presence 
of TPep-LIR at the pedal epithelium of all the gastropods we investigated suggests that TPep-
like neuropeptides may have a conserved role in ciliary beating.  All gastropods appear to  
have a ciliated pedal epithelium (Clark, 1964; personal observation), so TPeps may modulate 
ciliary beating even in species that do not use the pedal cilia for locomotion.  However, while 
TPep-LIR has been localized at the ciliated epithelium of many nudibranchs, an  
important caveat is that the function of TPeps has only been demonstrated in T. diomedea.  In 
other species, TPeps could effect mucus secretion or muscular contractions instead of ciliary 
beating.  Even if the structure of a neuropeptide is conserved, its function can be altered by 
changing the receptor function or the receptor expression pattern (Holmgren and Jensen, 
2001).    
 The presence of TPep-LIR neurites at the pedal epithelium has been observed in the pond 
snail Lymnaea stagnalis and recently in the terrestrial slug Helix aspersa (Willows, et al., 
1997; Pavlova and Willows, 2005).   Like T. diomedea, L. stagnalis crawls using mucociliary 
propulsion (Pavlova and Bakeeva, 1993).  However, unlike T. diomedea, H. aspersa is a 
terrestrial slug that crawls using muscular waves.  Additionally, the two non-nudibranchs 
examined here, P. taylori and C. ligatum, are muscular crawlers.  Therefore, while the 
network of TPep-containing neurites observed originally in T. diomedea is conserved across  
the nudibranchs, it is unlikely a specialization for mucociliary locomotion.  Because  
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Figure 2.5 
 
 
Figure 2.5.  Phylogeny of species examined for TPep-like immunoreactivity.  The 
hypothesized phylogeny is based on morphological characteristics and molecular markers 
(Wägele and Willan, 2000; Wollscheid-Lengeling et al., 2001; Grande et al., 2003; 
Vonnemann et al., 2005).  The red line represents muscular crawling by adults.  The green 
line represents the use of TPeps to modulate ciliary beating.  The blue line represents 
mucociliary crawling by adults.   
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mucociliary crawling is the primary mode of locomotion by nudibranchs, mucociliary  
locomotion is probably the basal trait in sea slugs and muscular crawling is a derived trait 
(Figure 2.5).  Muscular crawling has been observed in at least two nudibranch species, D. iris 
and M. leonina (Agersborg, 1922).  These two species are also the only species observed that 
did not have extensive branching of the TPep-containing neurites at the pedal epithelium.  An 
interesting possibility is that this difference in innervation pattern in D. iris and M. leonina 
may be associated with the evolution of muscular crawling.   
 Based on the phylogenic distribution of mucociliary locomotion across the gastropods, 
muscular locomotion is hypothesized to be the ancestral mode of locomotion for adult snails 
and slugs (Miller, 1974a).  In marine snails, muscular locomotion is the most common mode 
of crawling and mucociliary locomotion is thought to be an adaptation to crawling on soft 
substrates (Miller, 1974a; 1974b).  The finding that all nudibranchs crawl using mucociliary 
locomotion, regardless of habitat, was surprising.  However, the shell characteristic of marine 
snails is absent in the nudibranchs.  Without this shell, the nudibranchs are almost neutrally 
buoyant in seawater.  The absence of the shell may change the selection pressures on 
muscular and mucociliary locomotion and may account for the difference in distribution of 
muscular crawling in nudibranchs as compared to the marine snails. 
 As discussed previously, while most adult snails crawl using muscular waves, all 
gastropods appear to have a ciliated pedal epithelium (Clark, 1964).  Moreover, even species 
characterized by muscular crawling as adults may use mucociliary locomotion as small 
juveniles (Bulloch and Ridgeway, 1995).  The evolution of mucociliary crawling as a mode 
of locomotion in adults may therefore not involve the acquisition of a new mode of 
locomotion, but rather the loss of muscular locomotion.  If this hypothesis is correct, the 
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peripheral nervous system that controls mucociliary locomotion in select gastropods is likely 
to be conserved across the gastropods regardless of the mode of locomotion by adults.   
Chapter 3 
 
Identification of a ciliary motor neuron in Armina californica 
 
Summary 
 Nudibranch gastropods crawl primarily using mucociliary locomotion.  In the sea slug 
Tritonia diomedea, locomotion and orientation are controlled partly by two pairs of 
bilaterally symmetrical ciliary motor neurons, the Pedal 5 (Pd5) and Pedal 6 (Pd6) cells.  The 
Pd5 and Pd6 cells are large, TPep-producing neurons located on the posterior margin of the 
dorsal surface of the pedal ganglia.  To determine if homologous neurons exist in other 
nudibranchs, the nervous system of Armina californica was examined.  A. californica had 
three large, TPep-like immunoreactive cells on the dorsal surface of each pedal ganglion.  
The largest of these cells, the Pedal Peptidergic Dorsal 1 (PPD1) neurons, have a 
neuroanatomy similar to the T. diomedea Pd5 cells.  Like the Pd5 cells, the PPD1 cells have 
neurites in Pedal Nerve 2 and Pedal Nerve 3, both of which innervate the foot.  Also like the 
Pd5 cells, the activity of the PPD1 cells is correlated with mucociliary locomotion.  This 
evidence suggests that the PPD1 neurons are homologous to the Pd5 cells of T. diomedea.  
Homologues to the T. diomedea Pd6 cells were not identified in A. californica. 
 
Introduction 
 The dendronotid nudibranch Tritonia diomedea is a model organism for understanding the 
neural basis for locomotion and orientation behavior (Lohmann et al., 1991; Murray et al.,
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1992; Popescu and Willows, 1999; Cain et al., 2005).  Crawling speed in T. diomedea is 
controlled in part by two pairs of magnetoresponsive neurons, the Pedal 5 (Pd5) cells and the 
Pedal 6 (Pd6) cells, which modulate the beating of foot cilia (Popescu and Willows, 1999; 
Wang et al., 2003; Cain et al., 2006).  When exposed to magnetic field changes, the Pd5 and 
Pd6 cells on the right and left sides of the animal are differentially active (Cain et al., 2005; 
Cain et al., 2006).  This observation has led to the hypothesis that they may play a role in 
orientation, not just locomotion, by differentially increasing the ciliary beat frequency on the 
two halves of the foot and thereby causing the animal to turn.  Establishing the function of 
the Pd5 and Pd6 homologues in other nudibranchs is important for understanding whether 
these cells have evolved a specialized function in orientation in T. diomedea or if they have a 
general function in locomotion common to all nudibranchs.  In this study, the arminid 
nudibranch Armina californica was examined for homologues to the Pd5 and Pd6 neurons. 
 The Pd5 and Pd6 cells in T. diomedea are large (300 - 500 µm in diameter) neurons 
located on the dorsal surface of the pedal ganglia.  They produce TPeps, a group of 
neuropeptides that cause an increase in ciliary beat frequency when applied to ciliated cells 
from the foot (Willows et al., 1997).  The Pd5 cells send neurites out Pedal Nerve 2 (PdN2) 
and Pedal Nerve 3 (PdN3) while the Pd6 cells send neurites out Pedal Nerve 1 (PdN1) and 
PdN2 (Figure 3.1) (Wang et al., 2003; Cain et al., 2006).  PdN2 and PdN3 both innervate the 
foot of T. diomedea (Willows et al., 1973).  PdN1 innervates the anterio-lateral margin of the 
foot (Willows et al., 1973).  Pd5 and Pd6 both increase their rate of action potentials when  
the animal is exposed to rotations of the surrounding magnetic field (Lohmann et al., 1991; 
Popescu and Willows, 1999; Wang et al., 2003; Cain et al., 2006).  In comparison, the Pd7 
cells are also large (up to 300 µm in diameter), TPep-producing cells, but they do not  
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Figure 3.1 
 
 
Figure 3.1.  Drawing of left Pd5, Pd6 and Pd7 cells in Tritonia diomedea.  The diagram 
shows the dorsal view of the left pedal, cerebral and pleural ganglia.  The red cell is Pd5.  
The blue cell is Pd6.  The green cell is Pd7.  The Pedal Nerves (PdN) and Cerebral Nerves 
(CeN) containing neurites from Pd5, Pd6 or Pd7 are labeled.   
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innervate the foot and their action potential frequency decreases in response to magnetic field 
rotations (Wang et al., 2004).  While the Pd7 cells receive some common synaptic input with 
the Pd5 and Pd6 cells, none of the cells appear to be electrically coupled (Wang et al., 2003; 
Wang et al., 2004; Cain et al., 2006). 
 Because all nudibranchs appear capable of crawling using mucociliary locomotion (see 
Chapter 2), it is likely that nudibranchs have conserved neural circuits that control 
mucociliary crawling.  Homology between neurons is established based on cell size, location, 
neurotransmitter content, the projection pattern of neurites and physiology (Croll, 1987; 
Breidbach and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001).  Therefore, homologues 
to the Pd5 and Pd6 cells should be large, TPep-containing cells located on the dorsal surface 
of the pedal ganglion.  Pd5 homologues should send neurites out Pedal Nerves 2 and 3.  Pd6 
homologues should send neurites out Pedal Nerves 1 and 2.  The Pd5 and Pd6 homologues 
should both be ciliary motor neurons. 
 Using immunohistochemistry, three large, TPep-like immunoreactive (TPep-LIR) neurons 
on the dorsal surface of the pedal ganglion of A. californica were identified.  Of these three 
cells, the largest cell had a primary neurite that bifurcated and sent one branch out PdN2 and 
one branch out PdN3, similar to the neuroanatomy of the T. diomedea Pd5 cells.  This Pd5-
like cell was named the Pedal Peptidergic Dorsal 1 (PPD1) cell.  The activity of the PPD1 
cell was correlated with mucociliary locomotion.  A neuron with a similar neuroanatomy to 
the T. diomedea Pd6 cell was not identified.  The existence of homologous Pd5 cells in A. 
californica creates the opportunity for comparisons between the neural circuitry underlying 
orientation behavior in these two species.    
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Material and Methods 
Animals 
 Animals were collected by SCUBA divers from Dash Point State Park and Seahurst Park 
in the state of Washington, U.S.A.  The slugs were maintained in flow-through seawater 
tanks at the Friday Harbor Laboratories.  The slugs were fed the sea pen Ptilosarcus gurneyi 
ad libitum.  
 
Crawling stimulus 
 Salt solutions applied externally to T. diomedea have been shown to cause an increase in 
locomotion and in ciliary beating of the pedal cilia (Audesirk, 1978a).  To determine if KCl 
would elicit a reliable escape response in A. californica, 0.5 ml of 3 M KCl was applied to 
the dorsal posterior body wall of intact, stationary animals in a flow-through seawater tank.  
The time and distance each animal crawled along the bottom and sides of the tank were 
measured until the animal reached the surface of the water.   
 
Immunolabeling 
 Tissue was prepared using the protocol described in Chapter 2.  Briefly, the pedal, cerebral 
and pleural ganglia were removed and fixed in 4% paraformaldehyde.  After fixation the 
brains were rinsed in FSW then in phosphate buffer saline (PBS).  The brains were 
permeabilized in PTA (PBS with 4% Triton-X 100 and 0.1% sodium azide), incubated in 
PTA with 6% normal donkey serum (NDS), then incubated in PTA, 6% NDS, and 0.2% 
rabbit anti-TPep-NLS.  After being rinsed several times in PTA, the brains were incubated in 
PTA with 6% NDS, then in PTA, 6% NDS, and 0.125% Alexafluor 647 donkey anti-rabbit 
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IgG (Molecular Probes, Eugene, Oregon, USA).  Finally, the tissue was dehydrated through 
an ethanol series, cleared with xylenes, and mounted in DPX.  All TPep-immunolabeling was 
imaged with a Bio-Rad Radiance confocal microscope and captured using Bio-Rad 
LaserSharp2000 software.   
 
Semi-intact Preparation 
 After identifying a TPep-like immunoreactive (TPep-LIR) cell similar in size and location 
to the T. diomedea Pd5 cell, intracellular recordings were performed from this cell in semi-
intact whole animal preparations.  The preparation was similar to the semi-intact preparation 
commonly used for T. diomedea (Willows et al., 1973).  The animal was placed in a 
Plexiglas chamber with flow-through seawater.  A 2 cm incision was made in the dorsal body 
wall beginning between the rhinophores.  Connective tissue was removed until the cerebral, 
pleural, and pedal ganglia were exposed.  The animal was suspended within the chamber 
using tungsten hooks attached by threads to the top of the chamber.  The hooks were placed 
in the incision to keep the incision open and to hold the animal just below the surface of the 
water.  An aluminum platform covered with wax was inserted beneath the brain and the brain 
was immobilized with tungsten minuten pins.  After the ganglia were immobilized, the 
connective tissue covering the dorsal surfaces of the pedal ganglia was removed to expose 
the pedal ganglion cells.   
 Intracellular recordings were performed with glass microelectrodes (8 – 15 MΩ 
resistance) back-filled with 10 mM Alexafluor 488 hydrazide in 200 mM KCl and then filled 
with 3M KCl.  The Pd5-like cell was impaled and then allowed to recover for at least 30 
minutes before experiments began.  The cell membrane potential was monitored using an   
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A-M Systems Neuroprobe Amplifier (A-M Systems, Carlsborg, WA).  Extracellular 
recordings of PdN3 were made using suction electrodes.  Voltage was monitored using an A-
M Systems Differential AC Amplifier (A-M Systems, Carlsborg, WA).  The signals from the 
amplifiers were digitized using a CED 1401 digitizer and analyzed with Spike2 software 
(Cambridge Electronic Designs, Cambridge, UK). 
 For each animal, an experimental trial and a control trial were attempted.  In the 
experimental trial, a solution of 0.5 ml of 3 M KCl with fluorescein was applied to the dorsal, 
posterior body wall to elicit a crawling response.  The fluorescein was added to visualize the 
location of the KCl solution in the recording chamber and confirm that the solution was 
swept toward the water outflow tube and away from the incision.  For each animal, a random 
number generator was used to determine whether the experimental trial or the control trial 
was performed first.  For both experimental and control trials, the trial did not begin until the 
action potential frequency of the neuron was less than 0.10 Hz.  In experimental trials, the 
stimulus was applied 10 minutes after the start of the trial.  In control animals, the animal 
was left untouched.  The protocol was then repeated with either the control or experimental 
trial, whichever trial was not performed first.  In two animals, the preparation did not last 
long enough to perform both an experimental trial and a control trial; as a result, 10 animals 
received the crawling stimulus while only 8 animals received the control treatment.   
 
Neuroanatomy 
 After completing the paired control and experimental treatments, Alexafluor 488 
hydrazide was injected using pulses of -10 nA at a 50% duty cycle.  Dye was injected for up 
to 3 hours, or until action potentials were no longer detected.  The animals were then fixed in 
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4% paraformaldehyde for 6 to 12 hours.  Tissue was immunolabeled with an antibody to 
TPep-NLS.   
 PdN2 and PdN3 were dissected to determine their gross areas of innervation (n = 4).  We 
removed the viscera from the animal and incubated it in Methylene Blue for 2 hours at 4° C.  
The nerves were followed from the pedal ganglion to the foot musculature.  We dissected the 
nerves from the foot musculature until the branches were too small to visualize.  Additional 
Methylene Blue incubations were used as needed. 
  
Results 
Neuroanatomy 
 A. californica had 3 large, TPep-LIR cells on the dorsal surface of the pedal ganglion and 
3 large, TPep-LIR cells on the ventral surface (Figure 3.2).  The cells on the dorsal surface 
are designated Pedal Peptidergic Dorsal cells 1, 2 and 3 (PPD1, PPD2 and PPD3) (Figure 
3.3).  The three largest cells on the ventral surface are designated Pedal Peptidergic Ventral 
cells 1, 2 and 3 (PPV1, PPV2 and PPV3).  PPD1, the largest TPep-LIR cell, was located near 
the posterior edge of the dorsal surface of the ganglion, similar to the location of the T. 
diomedea Pd5 and Pd6 cells.  In the right pedal ganglion, PPD1 ranged in width from 105 
µm to 205 µm, with an average size of 145 µm ± 20 µm (n = 5; ± SE).  In the left pedal  
ganglion, PPD1 ranged in width from 125 µm to 215 µm, with an average size of 155 µm ± 
15 µm (n = 6; ± SE).  
 In a few preparations, it was possible to trace the gross projection pattern of some of the 
large, TPep-LIR cells.  The PPD1 cell in both pedal ganglia had a primary neurite that 
bifurcated and sent a branch into PdN2 and PdN3 (Figure 3.3).  PPD3, the smallest and most 
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Figure 3.2 
 
 
Figure 3.2.  TPep-LIR neurons in the central ganglia of Armina californica.  The brain is 
shown dorsal-side up.  Brains were optically sectioned using a confocal microscope; 
therefore, cells on the ventral surface are visible.  When the confocal stacks are merged into a 
two-dimensional image, brighter cells appear to be above cells that were less-brightly labeled 
regardless of their dorsal-ventral relationship to each other.  Arrows indicate the large TPep-
LIR neurons on the dorsal surface of the pedal ganglia.  Arrowheads indicate large TPep-LIR 
cells located on the ventral surface.   Brightness and contrast were adjusted in Adobe 
Photoshop.  Scale bar = 250 µm.   
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Figure 3.3  
 
 
Figure 3.3.  Schematic diagram summarizing TPep-LIR in the pedal ganglia of Armina 
californica.  The white cells are the Pedal Peptidergic Dorsal cells (PPD1, PPD2 and PPD3).  
The grey cells are the Pedal Peptidergic Ventral cells (PPV1, PPV2 and PPV3).  The ganglia, 
nerves and cell bodies were traced in Adobe Illustrator.  The projection patterns of neurites 
were determined using NIH Image J.  Not all the nerves present in the pedal ganglia are 
shown. 
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anterior of the large, dorsal TPep-LIR cells, had a primary neurite that bifurcated, with one 
branch extending into the neuropil of the pedal ganglion and a second branch projecting into 
PdN1.  In one animal, the left PPV1 cell appeared to send neurites out PdN2 and PdN3.  In 
the same preparation, the right PPD2 neuron had multiple large processes that branched off 
the primary neurite and projected towards the neuropil.  Dye injection of the PPD1 cell 
confirmed the gross anatomy visualized using immunolabeling.  In addition to the two large 
processes that project out PdN2 and PdN3, the dye injection showed small branches splitting 
off from the primary neurite in the neuropil (Figure 3.4).   
 Gross dissection indicated that PdN2 projects to the foot musculature directly ventral to 
the brain.  PdN2 innervates the ipsilateral portion of the foot adjacent and anterior to the 
brain.  Three branches split off PdN3 before the nerve and all the branches enter the foot 
musculature.  After entering the musculature, PdN3 runs the entire length of the foot 
posterior to the brain with numerous branches extending towards the ipsilateral body wall.  
The innervation area was not observed to cross the mid-body line.  
 
Response to escape stimulus 
 When 0.5 ml of 3 M NaCl was applied to the posterior end of intact, stationary A. 
californica, the animals initially contracted the dorsal body wall.  The dorsal body wall 
slowly relaxed and the animals began to crawl between 31 and 138 seconds after stimulus 
application (average = 68 ± 13 sec; ± SE; n = 8) (Figure 3.5).  The average crawling speed 
was 5.5 ± 0.5 cm/min (± SE).  The distance crawled by each animal was measured until the  
animal reached the water surface and stopped crawling.  All animals crawled for at least 10 
minutes before they reached the water surface. 
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Figure 3.4 
 
 
Figure 3.4.  Dye injection of the right PPD1 cell.  A primary neurite projects from the cell 
body into the neuropil.  There is extensive branching within the neuropil.  Some of these 
branches are indicated by the arrows.  The primary neurite bifurcates into two large branches.  
One branch projects into the ipsilateral PdN2 while the other branch projects into the 
ipsilateral PdN3.  Scale bar = 150 µm. 
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Figure 3.5   
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Figure 3.5.  Crawling response of intact Armina californica to a noxious stimulus.  The black 
line represents the average response of the intact A. californica to an application of 0.5 ml of 
3M KCl to the dorsal, posterior body wall (n = 9).  All other lines represent the response of 
individual animals.  The animals were not crawling prior to stimulus application.  The 
stimulus was applied at 0 min. 
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 To compare the rate of action potentials in the right PPD1 cell before and after the 
application of the salt stimulus, the action potential frequency was averaged over the 10 
minutes prior to stimulus application.  This average frequency was then compared to the 
average action potential frequency over a 10-minute period after stimulus application.   
Because the intact animals did not start crawling until 31 to 138 seconds after the salt 
solution was applied, the action potential frequency was averaged over the 10-minute period 
beginning 2 minutes after the stimulus was applied. 
 When 0.5 ml of 3 M KCl was applied to the posterior end of a semi-intact A. californica, 
the average rate of action potentials in the right PPD1 cell showed a statistically significant 
increase from 0.04 ± 0.01 Hz to 0.15 ± 0.04 Hz (± SE, n = 10, p < 0.01; Wilcoxon signed-
rank test; Zar, 1999) (Figure 3.6).  If the salt solution was not applied to the posterior end of 
the animal, the average rate of action potentials decreased from 0.05 ± 0.01 Hz to 0.04 ± 0.01 
Hz (± SE, n = 8, p < 0.01; Wilcoxon signed-rank test Zar, 1999).  There was not a significant 
difference between the average action potential frequency in the experimental and control 
animals before the stimulus was applied (p > 0.20; Mann-Whitney, unpaired; Zar, 1999).   
However, there was a significant difference between the average action potential frequency 
post-stimulus in the experimental treatments versus the control treatments (p < 0.05; Mann-
Whitney, unpaired; Zar, 1999).
 To determine if the PPD1 cell was efferent or afferent, we recorded intracellularly from 
PPD1 and extracellularly from the ipsilateral PdN3.  In all preparations where we detected an 
action potential from the PPD1 cell, the action potential occurred in PdN3 after the action 
potential occurred in the cell soma (Figure 3.7). 
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Figure 3.6 
  
A 
 
B 
0.00
0.05
0.10
0.15
0.20
0.25
1 2
A
ct
io
n 
po
te
nt
ia
l f
re
qu
en
cy
 (H
z)
Control Stimulus
A BB A
 
Figure 3.6.  Response of the right PPD1 neuron to a noxious stimulus.  A:  A representative 
intracellular recording from the right PPD1 neuron.  The arrow indicates when the stimulus 
was applied to the animal.  Scale bars = 20 mV, 2 min.  B:  Average action potential 
frequency in the right PPD1 cell.  Column A is the average action potential frequency over 
10 minutes prior to applying the stimulus.  Column B is the average action potential 
frequency over 10 minutes after applying the stimulus.  Error bars represent standard error.  
In the Control trials, the animal was left undisturbed.  In the Stimulus trials, a salt solution 
was applied to the posterior, dorsal tip of the body wall. 
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Figure 3.7 
50
40
30
20
10
0
-10
-20
-30
-40
-50
-60
-70
m
v
Lt
Pd
5
1a
33.12 33.14 33.16 33.18 33.20 33.22 33.24 33.26 33.28 33.30
s  
 
10
5
0
-5
-10
uv
Lt
Pd
N
3
1
-0.09 -0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
secondsTime  
 
Figure 3.7.  Action potential propagation in the right PPD1 cell.  The top trace is a single 
action potential in the PPD1 cell.  The bottom trace is the average of the voltage recording of 
PdN3 from 100 msec before until 100 msec after each action potential in the PPD1 neuron.  
The trace is an average of approximately 500 action potentials in PPD1.  The distance 
between the vertical lines is approximately 10 msec.  Bottom trace:  scale bars = 10 µV, 20 
msec.  Top trace:  scale bar = 50 mV. 
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Discussion 
 A. californica has a large, TPep-LIR cell on the posterior margin of the dorsal surface of 
each pedal ganglion (Figure 3.2; Figure 3.3).  This cell, named PPD1, is in a similar location 
as the large, TPep-producing Pd5 and Pd6 cells in T. diomedea (Figure 1.4).  
Immunolabeling and dye injections showed that the PPD1 cell in A. californica has the same 
neurite projection pattern as the T. diomedea Pd5 cell (Figure 3.4).  Both cells have major 
branches in PdN2 and PdN3, which innervate the foot.  As in T. diomedea, the action 
potentials detected in PdN3 represent efferent information from the A. californica PPD1 cell 
(Figure 3.7).  Lastly, the activity of the right PPD1 neuron is associated with stimulus-
induced crawling in A. californica (Figure 3.5; Figure 3.6), which is consistent with the 
function of the Pd5 cells in T. diomedea (Popescu and Frost, 2002). 
 Based on size, location and TPep-like immunoreactivity, putative homologues to Pd5 and 
Pd6 have been identified in the aeolid nudibranch P. sibogae (Croll et al., 2001).  Based on 
phylogenic relationships (Figure 1.2), if the Pd5 cells in T. diomedea and the PPD1 cells in A. 
californica are ciliary motor neurons, the Pd5 homologues in P. sibogae are likely ciliary 
motor neurons as well.  While T. diomedea and P. sibogae appear to have both the Pd5 and 
Pd6 ciliary motor neurons, A. californica seems to have only a Pd5 homologue.  This mirrors 
a common trend in the evolution of nervous systems:  cell types tend to be conserved while 
cell number often varies (Turrigiano and Selverston, 1991; Witten and Truman, 1998; Katz et 
al., 2001; Page 2002).   
 Identifying cells as homologous is a statement that the cells have a shared ancestry.  
Because the ancestry of neurons is impossible to determine by examining extant animals, the 
identification of homologous neurons is based on morphological characteristics (Weiss and 
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Kupfermann, 1976; Nusbaum and Kristan, 1986; Croll, 1987; Watson and Willows, 1992; 
Breidbach and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001).  Therefore, it is possible 
that the Pd6 cell homologue is present in A. californica but was not identified because the 
size, location or neurotransmitter content has changed.  If the Pd6 homologue is present but 
the size or location has changed, the cell could be identified by performing dye injections in 
the other TPep-LIR cells in the pedal ganglia.  A TPep-LIR cell with a similar neuroanatomy 
to the T. diomedea Pd6 cell could be the Pd6 homologue regardless of size and location.  If 
the Pd6 homologue no longer produces TPeps, the cell could not be identified without 
following the development of the T. diomedea and A. californica nervous systems.  Because 
of their size, the most likely candidates for Pd6 homologues would be the TPep-LIR cell on 
the posterior margin of the ventral surface (PPV1) and the TPep-LIR cell on the lateral 
margin of the dorsal surface (PPD2) (Figure 3.2; Figure 3.3).  Based on the immunolabeling 
data, neither cell appears to have the same projection pattern of neurites as the Pd6 cells.  
However, dye injections must be performed to confirm the neuroanatomy of these cells.  
 The slug T. diomedea has multiple mechanisms to control the ciliary beat frequency on the 
foot and thereby control crawling speed (Audesirk et al., 1979; Willows et al., 1997).  In 
addition to the Pd5 and Pd6 cells, T. diomedea has paired, serotonergic Pedal 21 cells that 
also increase the ciliary beat frequency and the crawling speed of the animal (Audesirk, 
1978a; 1978b; Audesirk et al., 1979).  The right and left Pd21 cells are electrically coupled; 
therefore, the excitation of either Pd21 cell increases the ciliary beat frequency on both the 
right and left halves of the foot (Audesirk, 1978b).  In contrast, the right and left Pd5 cells are 
not electrically coupled, nor are the right and left Pd6 cells (Wang et al., 2003; Cain et al., 
2006).  This allows for differential control of ciliary beat frequency on each half of the foot 
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making the Pd5 and Pd6 cells capable of causing the animal to turn and therefore suited for 
orientation behavior (Cain et al., 2005; Cain et al., 2006). 
 A unique feature of the Pd5 and Pd6 cells in T. diomedea is that they respond to changes 
in magnetic fields (Lohmann et al., 1991; Popescu and Willows, 1999; Wang et al., 2003).  
Several hypotheses have been proposed as to why these animals possess a magnetic sense.  
One idea is that the animals use the magnetic field to return to sea pen beds after being 
dislodged from the bottom and swept away be water currents (Willows, 1999).  Another 
possibility is that these animals use the magnetic field to hold a proper crawling direction 
once they have detected an orientation stimulus (Wyeth, 2004).  T. diomedea orient using 
odor-gated rheotaxis (Murray et al., 1992).  Because odors are only detected when the source 
is up-current from the slug, when the slug detects the odor of a mate or its prey, it turns and 
crawls into the current.  When it detects the odor of a predator, it turns and crawls with the 
current.  However, while current direction is predictable over long periods of time (i.e. during 
tidal exchange), current direction is variable on short time scales (Wyeth, 2004).  When T. 
diomedea detects its prey and begins crawling into the water current, the current direction 
often changes before the slug reaches its target.  By holding a steady course using the Earth’s 
magnetic field, the slug will have a greater chance of reaching its target.  Thus, it is possible 
that the magnetic orientation behavior in T. diomedea is a specialization for orientation in a 
featureless habitat with variable water flow conditions (Wyeth, 2004).   
 A. californica is found in the same habitat as T. diomedea, shares a common prey species 
and has common predators (Birkeland, 1974).  While the activity of the PPD1 cells is 
correlated with escape crawling, their role in orientation is unknown.  The neuroanatomy of 
the neurons indicates that the right and left PPD1 cells are not connected electrically or 
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monosynaptically.  However, the two cells could receive common synaptic input that 
synchronizes the cells.  Alternatively, they could be connected polysynaptically through 
interneurons.  Simultaneous intracellular recordings from the right and left PPD1 neurons 
would indicate whether the cells are differentially active and if they might control crawling 
direction, not just crawling speed.  Additionally, testing the response of the PPD1 cells to 
magnetic field rotations might indicate whether the magnetic orientation behavior seen in T. 
diomedea is unique to that species or whether it is a common sensory modality found in the 
nudibranchs. 
Chapter 4 
 
TPep-like immunoreactivity in the central ganglia:  Evidence for  
homologous neurons involved in mucociliary locomotion 
 
 
Summary 
 In the dendronotid nudibranch Tritonia diomedea, mucociliary crawling is controlled 
partly by two pairs of bilaterally symmetrical neurons located in the pedal ganglia.  These 
cells, known as the Pd5 and Pd6 cells, produce a class of neuropeptides called TPeps.  
Homologues to the Pd5 cells, but not the Pd6 cells, have been identified in the arminid 
nudibranch Armina californica.  To investigate whether similar cells exist in other sea slugs, 
immunohistochemistry was used to identify TPep-like immunoreactive (TPep-LIR) neurons 
in 10 additional nudibranch species.  All species have at least one large, TPep-LIR cell that is 
located on the dorsal surface of each pedal ganglion.  Some species possessed only one large, 
TPep-LIR cell, while others had as many as five.  Based on a current nudibranch phylogeny, 
the data indicate that the number of these cells has changed multiple times during nudibranch 
evolution.  The number of cells in a given species was negatively correlated with the ratio of 
adult foot length to width; species with a long, thin foot tended to have a fewer number of 
cells.  No correlation was found between the relative size of the largest TPep-LIR neuron and 
adult morphology.  The presence of large, TPep-LIR cells in diverse nudibranchs is 
consistent with the hypothesis that part of the neural circuitry controlling mucociliary 
locomotion has been conserved, even though the size and number of cells is variable across 
species. 
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Introduction 
 A fundamental issue in the evolution of nervous systems is identifying which traits are 
evolutionarily labile and which tend to be conserved.  One strategy for identifying 
evolutionarily labile traits is to look for variation in closely related species.  Ideally, this 
variation can be correlated with behavioral or morphological traits to help understand how 
the nervous system evolves in response to selection on behavioral or morphological 
phenotypes.  In this study, part of the neural circuit that controls crawling in the nudibranchs 
was examined.  The nudibranchs show variation in both foot morphology and in the mode of 
crawling. 
 Mucociliary crawling is the primary mode of locomotion by nudibranchs, although 
muscular crawling has been observed in two species, Dendronotus iris and Melibe leonina 
(Agersborg, 1922; see Chapter 2).  The control of mucociliary crawling has been studied 
extensively in Tritonia diomedea.  In this animal, the bilaterally symmetrical Pedal 5 (Pd5) 
cells and Pedal 6 (Pd6) cells are ciliary motor neurons.  The Pd5 and Pd6 cells cause an 
increase in the ciliary beat frequency at the pedal epithelium and thereby increase crawling 
speed (Willows et al., 1997; Popescu and Frost, 2002; Wang et al., 2003; Cain et al., 2005).  
Anatomical findings suggest that the Pd5 cells innervate the entire foot while the Pd6 cells 
innervate the anterior end of the foot (Popescu and Willows, 1999; Wang et al., 2003; Cain et 
al., 2005).   
 The Pd5 and Pd6 cells are easily identifiable in T. diomedea because of their size and 
location (Willows et al., 1973).  The cells are large, up to 500 µm in diameter, and are 
located on the dorsal surface of the pedal ganglia (Figure 1.3).  The Pd5 and Pd6 cells are 
also identified by the presence of the neuropeptides TPeps (Lloyd et al., 1996; Beck et al., 
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2000).  TPeps cause an increase in ciliary beating when applied to isolated patches of the 
ciliated pedal epithelium and when applied to isolated ciliated cells (Willows et al., 1997).  In 
addition to the Pd5 and Pd6 cells, a third pair of large neurons on the dorsal surface of the 
pedal ganglia, the Pedal 7 (Pd7) cells, also produce TPeps.  The function of the Pd7 cells is 
unknown, but is different from the Pd5 and Pd6 cells (Wang et al., 2004; Cain et al., 2005).  
The Pd7 cells innervate the anterior body wall, oral veil and mouth rather than the foot.  
Moreover, when exposed to rotations of Earth-strength magnetic fields, the frequency of 
action potentials in the Pd7 cells decreases while the frequency in the Pd5 and Pd6 cells 
increases (Wang et al., 2004).   
 Homologous neurons in related species of invertebrates are identified based on cell size, 
location, neurotransmitter content, axonal projection pattern and physiology (Croll, 1987; 
Breidbach and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001).  Based size, location and 
the presence of TPep, homologues to the Pd5, Pd6 and Pd7 cells were identified in the central 
ganglia of the aeolid nudibranch Phestilla sibogae (Croll et al., 2001).  In Chapter 3, a 
homologue to the Pd5 cells was identified in the arminid nudibranch Armina californica; 
however, obvious homologues to Pd6 and Pd7 were absent.  Using immunohistochemistry, 
the presence of large, TPep-producing cells was found to be conserved across the 
nudibranchs.  Of the 10 nudibranch species examined, all had between one and six large, 
TPep-like immunoreactive (TPep-LIR) cell(s) on the dorsal surface of each pedal ganglion.  
By mapping the number of cells onto a nudibranch phylogeny, it appears that the number of 
cells has changed multiple times within the nudibranchs.  The presence of one or more TPep-
LIR cell in all species of nudibranchs suggests that part of the neural circuit controlling 
crawling in nudibranchs is conserved, but the size and number of cells is variable. 
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Materials and Methods 
Animal collection 
 All animals were collected within the state of Washington, USA.  T. diomedea and 
Dendronotus iris were trawled from Bellingham Bay, at depths of approximately 30 m.  
Tritonia festiva and A. californica were collected by SCUBA divers from Dash Point State 
Park and Seahurst Park.  Melibe leonina were collected by net in shallow areas off Shaw 
Island.  Dirona albolineata, Janolus fuscus and Cadlina leutomarginata were collected at the 
University of Washington Friday Harbor Laboratories, in Friday Harbor.  Rostanga pulchra 
and Aeolidia papillosa were collected from False Bay, San Juan Island.  Hermissenda 
crassicornis and Dendronotus albus were collected by researchers at the Friday Harbor 
Laboratories from the area around San Juan Island.  All animals were maintained in flow-
through seawater tanks at the Friday Harbor Laboratories.     
 
Immunohistochemistry 
 Tissue was prepared using the protocol described in Chapter 2.  Briefly, the central 
ganglia were removed from individuals representing 12 gastropod species (Table 4.1) and 
fixed in 4% paraformaldehyde in filtered seawater (FSW).  After fixation the brains were 
rinsed in FSW then in phosphate buffer saline (PBS).  The brains were permeabilized in PTA 
(PBS with 4% Triton-X 100 and 0.1% sodium azide), incubated in PTA with 6% normal 
donkey serum (NDS), then incubated in PTA, 6% NDS, and 0.2% rabbit anti-TPep-NLS.  
After being rinsed several times in PTA, the brains were incubated in PTA with 6% NDS, 
then in PTA, 6% NDS, and 0.125% Alexafluor 647 donkey anti-rabbit IgG (Molecular 
Probes, Eugene, Oregon, USA).  Finally, the brains were rinsed in PBS, dehydrated through 
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Table 4.1.  Summary of species examined for TPep-LIR in the central ganglia.   
Subclass Opisthobranchia   
 Order Nudibranchia  
 Suborder Aeolidoidea Hermissenda crassicornis 
  Aeolidia papillosa 
 Suborder Arminoidea Armina californica 
  Dirona albolineata 
  Janolus fuscus 
 Suborder Dendronotoidea Dendronotus albus 
  Dendronotus iris 
  Melibe leonina 
    Tritonia diomedea 
  Tritonia festiva 
 Suborder Doridoidea Cadlina leutomarginata 
    Rostanga pulchra 
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 an ethanol series, cleared with xylenes, and mounted in DPX.  All TPep-immunolabeling 
was imaged with a Bio-Rad Radiance confocal microscope and captured using Bio-Rad 
LaserSharp2000 software. 
 To control for non-specific labeling by the secondary antibody, brains were incubated 
without the TPep-NLS antibody.  To control for non-specific labeling of our primary 
antibody, 100 µM TPep-NLS was added to the primary antibody solution 24 hours before 
incubating the tissue in the antibody solution.  Brains from A. californica and foot tissue 
from several nudibranchs were processed with the pre-incubated primary antibody.  To test 
for specificity of the primary antibody, 10 µM TPep-PLS was added to the primary antibody 
solution 24 hours before incubating an A. californica brain in the primary antibody solution.  
All TPep-immunolabeling was imaged with a Bio-Rad Radiance confocal microscope and 
captured using Bio-Rad LaserSharp2000 software.   
 One of the T. diomedea brains used for statistical analyses was previously immunolabeled 
with a TPep-NLS antibody by Shaun D. Cain using a similar protocol (unpublished data).  
The T. diomedea brain immunolabeled with a TPep-NLS antibody published in Beck, et al. 
(2000) was also used for statistical analyses. 
 
Size measurements 
 Measurements of cell size and ganglion width were made in NIH Image J 1.32.  The width 
of the TPep-LIR cells was measured along the longest visible axis (Figure 4.1).  The width of 
the ganglion was measured at the widest point along the anterior-posterior axis and at the 
widest point along the transverse axis.  The larger of these two measurements was used for 
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calculations of relative cell size.  Relative cell size was calculated by dividing the cell width 
by the ganglion width.   
 Designating neurons as ‘large’ is an arbitrary process.  In order to remove as much 
subjectivity as possible from data analyses, cells were counted as ‘large’ if the relative cell 
size was greater than 0.10, meaning the cell width was greater than 10% of the width of the 
pedal ganglion.  The value of 0.10 was reached by measuring the TPep-LIR cells in Beck, et 
al. (2000).  On the dorsal surface of each pedal ganglion, there were three cells (Pd5, Pd6 and 
Pd7) that were distinctly large.  A fourth cell also appeared large and had a relative size of 
0.11 on the left pedal ganglion and 0.16 on the right pedal ganglion.  The next biggest cell 
appeared distinctly smaller and had a relative size of 0.07 on the left pedal ganglion and 0.09 
on the right pedal ganglion.  Therefore, a relative cell size of 0.10 was selected as the cut-off 
between ‘medium’ and ‘large’ cells.   
 Still images from video of crawling nudibranchs were used to measure the length and 
width of the foot for a full grown adult of each species.  For regression analyses, foot area 
was calculated using estimates for foot length and width and the foot shape was 
approximated as an ellipse (area =  π*(length/2)*(width/2)).   
 
Cell homology 
 Using micrographs of TPep-like immunolabeling, homology between neurons in the pedal 
ganglia of different species was assigned based on size, location, neurite projection pattern 
and the production of TPeps.  Each species was initially compared to T. diomedea and then to 
all other species.  If two species had large, TPep-producing neurons of similar size and 
location with the same basic anatomy, the cells were considered to be homologous.   
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Figure 4.1 
 
 
Figure 4.1.  Schematic diagram of the Tritonia diomedea central ganglia.  Brain is shown 
dorsal-side up.  Arrows in the left pedal ganglion indicate how measurements were taken to 
determine the size of the pedal ganglion.  Arrows in the right pedal ganglion indicate how 
measurements were taken to determine the size of TPep-LIR neurons.  Pedal Nerves 1, 2 and 
3 (PdN1, PdN2 and PdN3, respectively) are labeled. 
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 Data analysis 
 There are large differences in the size of adults not only between species but also within 
species.  To determine if relative cell size is an appropriate method to standardize cell sizes 
for comparisons between species, a regression analysis was performed for the width of the 
largest TPep-LIR cell vs. the width of the pedal ganglion for each species.  An ANCOVA 
was performed with species as the independent variable to determine if there were 
differences in the elevation and slope of the regression of TPep-LIR cell width vs. ganglion 
width between species (Zar, 1999).  If the regression slope of individual species is different 
from the regression slope of the pooled data, then the width of the TPep-LIR neurons scales 
differently with ganglion width in different species.  If cell width scales differently with 
animal size in different species, then relative cell size may not be an appropriate 
standardization technique.  An ANOVA was carried out with species as the independent 
variable and the relative size of the largest TPep-LIR cell as the dependent variable to test 
whether the relative size of the largest TPep-LIR cell differed between species.   
 When making comparisons between phenotypic traits in a series of species, data points are 
not statistically independent because of the hierarchal nature of phylogenetic relationships 
(Felsenstein, 1985; Harvey and Pagel, 1991). Independent comparison methods use actual 
trait values and phylogenetic relationships to assign ancestral trait values to the nodes of the 
phylogeny and then use the assigned values to compare the pairs of species, or pairs of nodes, 
that share a common ancestor (Felsenstein, 1985; Harvey and Pagel, 1991).   Independent 
contrasts regression analyses were performed using the PDAP module in Mesquite version 
1.06 (Garland et al., 1992; Garland et al., 1993; Maddison and Maddison, 2003; Midland et 
al., 2005).  The nudibranch phylogeny shown in Figure 4.2 was used for data analysis.  
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Branch lengths were initially all assigned a value of 1.0 and were then transformed using 
Branch Lengths Method of Pagel (1992).   
 Independent contrasts regression analyses were performed for the relative size of the 
largest TPep-LIR cell vs. foot length, vs. foot width, vs. foot area and vs. the ratio of foot 
length to foot width.  Independent contrast regression analyses were also performed for the 
number of large, dorsal TPep-LIR cells vs. foot length, vs. foot width, vs. foot area, and vs. 
the ratio of foot length to foot width.  The number of cells used in the analyses was the 
number of dorsal, TPep-LIR cells with a relative cell size greater than 0.10 that might 
innervate the foot.  If the projection pattern of a large, TPep-LIR cell could be seen and the 
axon from that cell projected to the cerebral or pleural ganglia instead of out one of the pedal 
nerves, that cell was eliminated from the analyses.  For example, the Pd7 cell in T. diomedea 
has neurites in Cerebral Nerve 3 and Cerebral Nerve 6 (Wang et al., 2004); therefore, the Pd7 
cell was excluded from analyses. 
 
Results 
Immunolabeling 
 In the controls, brains prepared without the primary antibody had no labeling.  Likewise, 
brains prepared without the secondary antibody had no labeling.  Brains prepared using the 
TPep-NLS antibody that was pre-incubated in 100 µm TPep-NLS also had no labeling.  In  
contrast, the A. californica brain prepared with the TPep-NLS antibody that was pre-
incubated in 10 µm TPep-PLS had extensive labeling indistinguishable from the TPep-LIR 
labeling described below.  
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Figure 4.2 
 
 
Figure 4.2.  Nudibranch phylogeny used for independent contrasts analyses.  The 
relationship between suborders is based on morphological characteristics and molecular 
markers (Wägele and Willan, 2000; Wollscheid-Lengeling et al., 2001).  T. diomedea and T. 
festiva are grouped together based on their taxonomic classification, as are D. iris and D. 
albus.   
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Suborder Doridoidea 
Cadlina leutomarginata 
 In C. leutomarginata, both the right and left pedal ganglia had a large, TPep-LIR cell on 
the dorsal surface (Figure 4.3A; Figure 4.4A).  The cell ranged from 170 µm to 205 µm in 
width.  In the right pedal ganglion, the mean relative cell size of the largest TPep-LIR cell 
was 0.36 ± 0.03 (mean ± SE; n = 4) (Table 4.2).  In the left pedal ganglion, the mean relative 
cell size was 0.34 ± 0.02 (n = 4).  There was a second, large TPep-LIR cell on the anterior 
margin of the dorsal surface of both the right and left pedal ganglia. 
 
Rostanga pulchra 
 All four specimens studied had a large, TPep-LIR cell on the dorsal surface of each pedal 
ganglion (Figure 4.4B).  The cell ranged from 75 µm to 120 µm in width, with a mean 
relative size of 0.26 ± 0.02 (n = 4) in the right pedal ganglion and 0.26 ± 0.02 (n=4) in the 
left pedal ganglion.  There was a cluster of 30-35 TPep-LIR cells on the medial margin of the 
dorsal surface of each pedal ganglion.  The largest one of these cells on each ganglion had a 
relative size of 0.10. 
 R. pulchra had two major nerves on the lateral margin of each pedal ganglion.  The largest 
TPep-LIR cell in each ganglion had three major branches.  One branch projected towards the 
most anterior nerve on the pedal ganglion, one branch entered the anterior, lateral nerve of 
the pedal ganglion, and one entered the posterior, lateral nerve of the pedal ganglion (Figure 
4.3B). 
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Figure 4.3.  Schematic diagrams summarizing TPep-LIR in the central ganglia of 
nudibranchs.  The ganglia, nerves and cell bodies were traced in Adobe Illustrator.  The 
projection patterns of neurites were determined using NIH Image J.  The number of nerves 
shown in the diagrams does not represent all the nerves present in the central ganglia. 
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Figure 4.3 
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Figure 4.3 
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Figure 4.4.  TPep-like immunolabeling in suborder Doridoidea.  A:  TPep-LIR in the central 
ganglia of Cadlina leutomarginata.  Scale bar = 250 µm.  B:  TPep-LIR in the central ganglia 
of Rostanga pulchra.  Scale bar = 125 µm.  Brains are shown dorsal-side up.  Arrows 
indicate the large TPep-LIR neurons on the dorsal surface of the pedal ganglia.  Arrowheads 
indicate large TPep-LIR cells located on the ventral surface.  Brightness and contrast were 
adjusted in Adobe Photoshop. 
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Table 4.2.  Summary of TPep-LIR cells in the pedal ganglia.  ‘Cells’ indicates the maximum 
number of large TPep-LIR cells on the dorsal surface of the pedal ganglion which have a 
relative size greater than 0.10 and might innervate the foot.  ‘Largest cell’ is the relative size 
of the largest TPep-LIR cell on the dorsal surface of the pedal ganglion (mean ± SE). 
 
 Right    Left    
Species Cells Largest cell   Cells Largest Cell 
C. leutomarginata 2 0.36 ± 0.03  2 0.34 ± 0.02 
R. pulchra 2 0.26 ± 0.02   2 0.26 ± 0.02 
A. californica 3 0.19 ± 0.02  3 0.19 ± 0.01 
D. albolineata 4 0.26 ± 0.03  5 0.23 ± 0.01 
J. fuscus 5 0.25 ± 0.02   5 0.24 ± 0.01 
A. papillosa 4 0.27 ± 0.01  4 0.29 ± 0.02 
H. crassicornis 4 0.24 ± 0.02  4 0.24 ± 0.01 
D. albus 3 0.43 ± 0.03   3 0.37 ± 0.03 
D. iris 3 0.12 ± 0.01  3 0.13 ± 0.01 
M. leonina 1 0.17 ± 0.01  1 0.17 ± 0.01 
T. festiva 3 0.33 ± 0.01   4 0.32 ± 0.05 
T. diomedea 3 0.28 ± 0.05  3 0.30 ± 0.04 
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Suborder Arminoidea 
Armina californica 
 The right pedal ganglia of four animals were immunolabeled.  The largest, TPep-LIR cell, 
named the Pedal Peptidergic Dorsal 1 (PPD1) cell, ranged from 105 µm to 205 µm in width 
(mean relative size:  0.19 ± 0.02) (Figure 3.2; Figure 3.3).   The two additional large, TPep-
LIR cells on the dorsal surface, the PPD2 and PPD3 cells, had mean relative sizes of 0.16 ± 
0.01 and 0.11 ± 0.01. 
 The left pedal ganglia of five animals were immunolabeled.  The left PPD1 cell ranged 
from 125 µm to 215 µm in width (mean relative size:  0.19 ± 0.01).   The left PPD2 and 
PPD3 cells had mean relative sizes of 0.14 ± 0.01 and 0.10 ± 0.01.  The projection patterns of 
individual neurons are described in Chapter 3 (Figure 3.3; Figure 4.3C) 
 
Dirona albolineata 
 All three individuals had 5 large TPep-LIR cells on the dorsal surface of the right pedal 
ganglion (Figure 4.5A).  The largest of these cells ranged from 165 µm to 205 µm in width 
(mean relative size:  0.26 ± 0.03).  All 3 individuals had 6 large TPep-LIR cells on the dorsal 
surface of the left pedal ganglion.  The largest of these cells ranged from 155 µm to 230 µm 
in width (mean relative size:  0.23 ± 0.01).   
 In both ganglia, the primary neurite of the largest and most medial TPep-LIR cell 
bifurcated.  It appeared to send one branch out the more anterior of the two nerves located on  
the lateral margin of the pedal ganglion (Figure 4.3D).  The second largest cell, located on 
the posterior margin on the pedal ganglion, also had a primary neurite that bifurcated, 
sending one branch into the nerve on the anterior margin of the pedal ganglion and sending 
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Figure 4.5.  TPep-like immunolabeling in suborder Arminoidea.  A:  TPep-LIR in the central 
ganglia of Dirona albolineata.  The large TPep-LIR cells in the pleural ganglia which are 
shown in Figure 4.3 were visible in 2 other preparations, but not in the brain shown here.  
The brain shown in this micrograph was used because it had the clearest labeling of neurites 
projecting from the large, TPep-LIR cells in the pedal ganglion.  Scale bar = 250 µm.  B:  
TPep-LIR in the central ganglia of Janolus fuscus.  Scale bar = 250 µm.  Brains are shown 
dorsal-side up.  Arrows indicate the large TPep-LIR neurons on the dorsal surface of the 
pedal ganglia.  Arrowheads indicate large TPep-LIR cells located on the ventral surface.  
Brightness and contrast were adjusted in Adobe Photoshop. 
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the other branch towards the more anterior of the nerves on the lateral margin of the pedal 
ganglion.  One of the other large, TPep-LIR cells appeared to send a neurite into the 
ipsilateral cerebral-pleural ganglion. 
 
Janolus fuscus 
 Four animals were examined.  There were 5 large TPep-LIR cells on the dorsal surface of 
each pedal ganglion.  The largest TPep-LIR cell in the right pedal ganglion ranged in size 
from 105 µm to 160 µm (mean relative size:  0.25 ± 0.02) (Figure 4.3E; Figure 4.5B).  The 
largest TPep-LIR cell in the left pedal ganglion ranged in size from 100 µm to 150 µm (mean 
relative size is 0.24 ± 0.01).   
 
Suborder Aeolidoidea 
Aeolidia papillosa 
 A. papillosa had 4 large, TPep-LIR cells on the dorsal surface of the right pedal ganglion 
(Figure 4.6A).  The largest of the cells was 155 µm to 225 µm in width (mean relative size:  
0.27 ± 0.01; n = 3).  Likewise, there were 4 large, TPep-LIR neurons on the dorsal surface of 
the left pedal ganglion.  The largest of the cells was 140 µm to 240 µm in width (mean 
relative size:  0.29 ± 0.02; n = 3).  The smallest and most lateral of the large, TPep-LIR cells 
in the pedal ganglion appeared to have a primary neurite that projected into the more 
posterior of the two nerves on the lateral margin of the pedal ganglion (Figure 4.3F). 
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Figure 4.6.  TPep-like immunolabeling in suborder Aeolidoidea.  A:  TPep-LIR in the 
central ganglia of Aeolidia papillosa.  Scale bar = 250 µm.  B:  TPep-LIR in the central 
ganglia of Hermissenda crassicornis.  Scale bar = 250 µm.  Brains are shown dorsal-side up.  
Arrows indicate the large TPep-LIR neurons on the dorsal surface of the pedal ganglia.  
Brightness and contrast were adjusted in Adobe Photoshop. 
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Hermissenda crassicornis 
 H. crassicornis had 4 large, TPep-LIR cells on the dorsal surface of the right pedal 
ganglion (Figure 4.6B).  The largest of the cells was 80 µm to 155 µm in width (mean 
relative size:  0.24 ± 0.02; n = 3).  There were also 4 large TPep-LIR cells on the dorsal 
surface of the left pedal ganglion.  The largest of the cells was 95 µm to 160 µm in width 
(mean relative size was 0.24 ± 0.01; n = 3).   
 The largest TPep-LIR cell in each pedal ganglion appeared to send a neurite into the nerve 
located on the lateral margin of the pedal ganglion (Figure 4.3G).  The primary neurite of 
second largest TPep-LIR cell had three branches.  One branch of the neurite projected into 
the lateral nerve of the pedal ganglion.  A second branch projected into the nerve on the 
anterior margin of the pedal ganglion.  The third branch projected into the neuropil of the 
pedal ganglion. 
 
Suborder Dendronotoidea 
Tritonia diomedea 
 All specimens had 4 large, TPep-LIR cells on the dorsal surface of both the right and left 
pedal ganglion (n = 3).  The largest cell was 245 µm to 315 µm in width (mean relative size:  
0.28 ± 0.05) in the right pedal ganglion and 225 µm to 350 µm in width (mean relative size:  
0.30 ± 0.04) in the left pedal ganglion.   
 
Tritonia festiva 
 T. festiva had 4 large, TPep-LIR cells on the dorsal surface of each pedal ganglion (Figure 
4.3H; Figure 4.7A).  The biggest cell was 220 µm to 250 µm in width (mean relative size:  
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Figure 4.7.  TPep-like immunolabeling in suborder Dendronotoidea.  A:  TPep-LIR in the 
central ganglia of Tritonia festiva.  Scale bar = 250 µm.  B:  TPep-LIR in the central ganglia 
of Melibe leonina.  Scale bar = 250 µm.  C:  TPep-LIR in the central ganglia of Dendronotus 
albus.  Scale bar = 250 µm.  D:  TPep-LIR in the central ganglia of Dendronotus iris.  Scale 
bar = 1000 µm.  Brains are viewed dorsal-side up.  Arrows indicate the large TPep-LIR 
neurons on the dorsal surface of the pedal ganglia.  Arrowheads indicate TPep-LIR cells 
located on the ventral surface of the ganglion.  Brightness and contrast were adjusted in 
Adobe Photoshop. 
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0.33 ± 0.01; n = 3) in the right pedal ganglion and 175 µm to 290 µm in width (mean relative 
size:  0.32 ± 0.05; n = 3) in the left pedal ganglion.  There was a 5th large TPep-LIR cell on 
the dorsal surface of the left pedal ganglion. 
 
Melibe leonina 
 The right pedal ganglia from 7 animals and the left pedal ganglia from 6 animals were 
immunolabeled.  All specimens had only one large TPep-LIR cell on the posterior, dorsal 
surface of each pedal ganglion (Figure 4.7B).  The cell ranged from 65 µm to 175 µm in 
width (mean relative size:  0.17 ± 0.01) in the right pedal ganglion and from 60 µm to 150 
µm in width (mean relative size:  0.17 ± 0.01) in the left pedal ganglion.  The primary neurite 
from this cell projected toward the two nerves located on the lateral margin of the pedal 
ganglion (Figure 4.3I). 
 
Dendronotus albus 
 D. albus had 3 large, TPep-LIR cells on the dorsal surface of the each pedal ganglion 
(Figure 4.3J; Figure 4.7C).  The largest cell ranged in width from 185 µm to 235 µm (mean  
relative size:  0.43 ± 0.03; n = 4) in the right ganglion and from 165 µm to 205 µm (mean 
relative size:  0.37 ± 0.03; n = 4) in the left ganglion.   
 
Dendronotus iris 
 D. iris had 3 large, TPep-LIR cells on the dorsal surface of the each pedal ganglion 
(Figure 4.3k; Figure 4.7d).  The largest cell ranged in width from 220 µm to 360 µm (mean 
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relative size:  0.12 ± 0.01; n = 3) in the right ganglion and from 245 µm to 320 µm (mean 
relative size:  0.13 ± 0.01; n = 3) in the left ganglion.   
 
Regressions and ANOVAs 
 To determine if relative cell size is an appropriate method to standardize cell sizes for 
comparisons between species, the regression analyses for the width of the largest TPep-LIR 
cell vs. the width of the pedal ganglion for each species were compared.  Of all species 
studied, only M. leonina showed a significant correlation between the width of the largest, 
TPep-LIR cell and the width of the pedal ganglion (Table 4.3).  An ANCOVA with species 
as the independent variable, cell width as the dependent variable and ganglion width as the 
covariate indicated that there was no significant difference between the regression slopes of 
individual species and the regression slope of the group (Figure 4.8, Table 4.3).  There was, 
however, a significant difference between the elevations of the regression lines of individual 
species.  Due to small sample sizes, differences could not be detected between any pair of 
regression lines using the Tukey test.  Pooled together, the size of the largest TPep-LIR cell 
was significantly correlated with the size of the pedal ganglion.    
 Because body size varies widely among species and is correlated with the width of the 
largest TPep-LIR cell, the relative size of the TPep-LIR cells was used for comparisons 
among species rather than absolute cell size.  To determine if there are differences in the 
relative size of the largest TPep-LIR cell among species, a single factor ANOVA with 
species as the independent variable and the relative size of largest TPep-LIR cell as the 
dependent variable was performed.  The results indicated that there was a significant 
difference in the mean relative cell size between species (Figure 4.9; right:  F11,33 = 14.898, p  
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Table 4.3.  ANCOVA of the regression of the width of the largest TPep-LIR cell against 
pedal ganglion width. 
 
 Right pedal    Left pedal   
Source of Variation DF F  p  DF F  p 
A. papillosa 1 11.390  0.183  1 11.440  0.183 
A. californica 2 3.127  0.219  3 2.082  0.245 
C. leutomarginata 2 1.360  0.364  2 1.433  0.354 
D. albus 2 0.892  0.445  2 0.133  0.750 
D. iris 1 116.285  0.059  1 5.738  0.252 
D. albolineata 1 0.040  0.874  1 40.875  0.099 
H. crassicornis 1 7.806  0.219  1 7.129  0.228 
J. fuscus 2 2.282  0.270  2 0.389  0.596 
M. leonina 5 26.799  0.004  4 26.330  0.007 
R. pulchra 2 8.878  0.097  2 1.154  0.395 
T. diomedea 1 2.223  0.376  1 4.100  0.292 
T. festiva 1 1.226  0.464  1 0.464  0.619 
       
Total 43 35.791  <0.0005  43 38.395  <0.0005 
Slope 11, 21 1.346  >0.25  11, 21 1.786  >0.10 
Elevation 11, 32 33.246  <0.0005  11, 32 15.638  <0.0005 
 
 
 97
Figure 4.8 
 
0
50
100
150
200
250
300
350
400
0 500 1000 1500 2000 2500 3000
Ganglion width (µm)
C
el
l w
id
th
 ( µm
)
C. leutomarginata
R. pulchra
A. californica
D. albolineata
J. fuscus
A. papillosa
H. crassicornis
D. albus
D. iris
M. leonina
T. diomedea
T. festiva
 
Figure 4.8.  Regression of cell width against ganglion width.  Data shown are for the right 
pedal ganglion.  Green symbols represent the dorids.  Yellow symbols represent the arminids.  
Pink symbols represent the aeolids.  Blue symbols represent the dendronotids.  The black line 
is the regression line of all data combined for the right ganglion (p < 0.0005; r2 = 0.45).  For 
clarity, the regression lines for only a few species are shown.  The light blue line is the 
regression line for T. diomedea.  The yellow line is for A. papillosa.  The red line is for A. 
californica.  The royal blue line is for M. leonina.   
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Figure 4.9 
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Figure 4.9.  Average relative cell size of the largest TPep-LIR cell on the dorsal surface of 
the right pedal ganglion for all species examined.  Error bars represent standard error.  
Species represented by green bars with the checkerboard pattern are dorids.  The yellow bars 
with stippling represent arminids.  Pink bars with diagonal lines represent aeolids.  Solid blue 
bars represent dendronotids.   
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< 0.0005; left:  F11,33 = 12.814, p < 0.0005).  Again, due to low sample sizes, differences 
could not be detected between any pair of regression lines using the Tukey test.   
 Based on independent contrasts regression analyses, the relative size of the largest TPep-
LIR cell is not significantly correlated with the foot length, foot width, foot area or the ratio 
of the foot length to the foot width (Table 4.4).  For analyses using number of cells, the 
numbers used are listed in Table 4.2.  The number of large, dorsal TPep-LIR cells is not 
significantly correlated with foot length, foot width or foot area (Table 4.4).   The number of 
large, dorsal TPep-LIR cells in the right pedal ganglion has a significant negative correlation 
to the ratio of the foot length to the foot width (Table 4.4; Figure 4.10).  A decrease in cell 
number is associated with a longer, narrower foot.   
 
Cell homology 
 T. festiva has three TPep-LIR cells on the dorsal surface of each pedal ganglion that are 
nearly identical in size and location to the T. diomedea Pd5, Pd6 and Pd7 cells (Figure 4.11).  
In seven species, including T. diomedea, there is a large, TPep-LIR cell on the dorsal surface 
of each pedal ganglion that has a primary neurite that bifurcates and sends a branch out PdN2 
and a branch out PdN3 (Figure 4.3).  These cells are potential homologues to the T. diomedea 
Pd5 cell.  Based on size, location and neurotransmitter content, P. sibogae, D. albus and D. 
iris also appear to have Pd5 homologues.   
 In D. albolineata, there is a large, TPep-LIR cell on the dorsal surface of each pedal 
ganglion that has a primary neurite that bifurcates and sends one branch out PdN1 and the 
other branch out PdN2.  These cells are potential homologues to the T. diomedea Pd6 cell.  
The largest, TPep-LIR cell in the dorid R. pulchra has a primary neurite that bifurcates twice,  
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Table 4.4.  Independent contrasts regression analyses of relative cell size and number of 
large TPep-LIR cells against foot dimensions.  Bold type indicates p < 0.05. 
 
Relative size of largest Right      Left     
TPep-LIR cell vs. r2 F1,10 p  r2 F1,10 p 
Foot length 0.268 3.661 0.085   0.233 3.036 0.112 
Foot width 0.000 0.002 0.969  0.009 0.095 0.764 
Foot area 0.021 0.219 0.650  0.005 0.049 0.829 
Foot length:width 0.060 0.644 0.441   0.112 1.265 0.287 
        
Number of large Right      Left     
TPep-LIR cells vs. r2 F1,10 p  r2 F1,10 p 
Foot length 0.006 0.059 0.814  0.002 0.017 0.900 
Foot width 0.051 0.536 0.481  0.054 0.575 0.466 
Foot area 0.018 0.186 0.675  0.009 0.088 0.773 
Foot length:width 0.413 7.045 0.024  0.428 7.489 0.021 
 
 101
Figure 4.10 
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Figure 4.10.  Independent contrasts regression of cell number against the ratio of foot length 
to width.  Cell number is the number of TPep-LIR cells on the dorsal surface of the right 
pedal ganglion with a relative size greater than 0.10. 
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Figure 4.11.  Nudibranch phylogeny with schematic diagrams of large, TPep-LIR cells in the 
pedal ganglia.  The relationship between suborders is based on morphological characteristics 
and molecular markers (Wägele and Willan, 2000; Wollscheid-Lengeling et al., 2001).  T. 
diomedea and T. festiva are grouped together based on their taxonomic classification, as are 
D. iris and D. albus.  Next to each species is a schematic diagram of the left and right pedal 
ganglion showing only the TPep-LIR cells with a relative size greater than 0.10.  Cells are 
color-coded based on hypothesized homology.  Red cells are assigned homology to the T. 
diomedea Pd5 cells based on cell size, location, neurotransmitter content and neuroanatomy.  
Pink cells are assigned homology to the T. diomedea Pd5 cells based on cell size, location 
and neurotransmitter content.  Yellow cells are homologues of the T. diomedea Pd6 cells.  
Green cells are the T. diomedea Pd7 cells.  Grey cells were not assigned homology to cells in 
any other species.  The fact that the grey cells were not identified as homologues does not 
indicate that homologues do not exist.  The diagrams of T. diomedea are based on the results 
presented here and results from Beck et al. (2000).  The diagrams of P. sibogae are based on 
Croll, et al. (2001).   
 103
Figure 4.11 
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sending branches out PdN1, PdN2 and PdN3.  This cell, and a TPep-LIR cell of similar size 
and location in C. leutomarginata, may represent the ancestral state of the Pd5 and Pd6 cells. 
 
Discussion 
 Homology between neurons in different species is established using cell size, location, 
neurotransmitter content, proximal neuroanatomy (structure within the central ganglia), distal 
neuroanatomy (where neurites project outside the central ganglia) and physiology (Croll,  
1987; Breidbach and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001).  Using 
immunohistochemistry, a pair of potentially homologous neurons in nudibranchs was 
identified based on size, location and neurotransmitter content.  All the nudibranch species 
examined had at least one bilaterally symmetrical pair of large, TPep-LIR cells located on the 
dorsal surface of the pedal ganglion (Fig. 4.3-4.8).  Although TPep-LIR cells were present in 
all species, the number of cells varied, as did the size of the largest cell.  The largest mean 
relative cell size was 0.43 in D. albus while the smallest cell was in D. iris with a relative 
size of 0.13.   
 All nudibranchs appear capable of crawling using mucociliary locomotion (see Chapter 2).  
In T. diomedea, two of the large, TPep-LIR cells are ciliary motor neurons that help control 
crawling (Popescu and Willows, 1999; Wang et al., 2003; Cain et al., 2005).  Despite having 
this common mode of locomotion, the number and size of TPep-LIR cells is highly variable 
across the nudibranchs.  One explanation for why cell size is variable is that larger neurons 
are needed to innervate a bigger target area (Gillette, 1991; Bulloch and Ridgeway, 1995).  
While there are large morphological differences between species, the relative size of cells 
was not correlated with the measured morphological characteristics.  There is, however, a 
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correlation between the number of TPep-LIR cells and foot shape.  Species with a long, 
narrow foot tend to have fewer TPep-LIR cells in the pedal ganglia. 
 The neuroanatomy and function of the largest TPep-LIR cells has been examined in two 
species, T. diomedea and A. californica.  Previous studies of T. diomedea established that the 
largest TPep-LIR cell on the dorsal surface of the pedal ganglion, the Pd5 cell, has a primary 
neurite that branches extensively within the pedal ganglion, then bifurcates and sends one 
branch of the neurite out each of two nerves located on the lateral margin of the pedal 
ganglion (Lohmann, et al., 1991; Wang, et al., 2003; 2004; Cain et al., 2006).  One of the 
nerves innervates the anterior third of the foot, whereas the other innervates the posterior 
two-thirds of the foot.  The large TPep-LIR cell on the dorsal surface of the pedal ganglion of 
A. californica, the PPD1 cell, has a similar proximal and distal neuroanatomy to the T. 
diomedea Pd5 cell (see Chapter 3).  The Pd5 cells in T. diomedea appear to be ciliary motor 
neurons (Wang, et al., 2003; 2004; Cain et al., 2005); likewise, an increase in the action 
potential frequency of the A. californica PPD1 cells is correlated with crawling.   
 The size, location, neurotransmitter content, neuroanatomy, and function of the Pd5 cells 
in T. diomedea and the PPD1 cells in A. californica are consistent with the hypothesis that 
these cells are homologous.  The phylogenetic relationship between T. diomedea and A. 
californica is unresolved.  The dorids appear to be basal to the other three suborders, but the 
relationship of the arminids, aeolids and dendronotids varies depending on whether 
molecular sequences or morphological characteristics are analyzed (Wägele and Willan, 
2000; Wollscheid-Lengeling, et al., 2001).  However, regardless of which phylogeny is used 
T. diomedea and A. californica are distantly related within the nudibranchs (Figure 1.1; 
Figure 4.11).  Therefore, if the T. diomedea Pd5 cells and A. californica PPD1 cells are 
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indeed homologous, the bilaterally symmetrical pairs of large, TPep-LIR cells with neurite 
branches in PdN2 and PdN3 that are present in the aeolid, arminid and dendronotid 
nudibranchs are likely also Pd5 homologues.   
 The number of large, TPep-LIR cells appears to have changed multiple times in the 
evolutionary history of nudibranchs (Fig 4.11).  The basal group of nudibranchs, the dorids, 
has one pair of large, TPep-LIR cells that are probably the ancestors of the Pd5 and Pd6 cells 
in T. diomedea.  The TPep-LIR cell in the dorids has 3 primary branches.  One branch 
appears to project towards PdN1, one branch is in PdN2 and the third branch is in PdN3.  In 
T. diomedea, the Pd5 cell has a branch in both PdN2 and PdN3 and the Pd6 cell has a branch 
in both PdN1 and PdN2.  Among the dendronotids, both species of Tritonia have at least 3 
pairs of large, TPep-LIR cells that might innervate the foot.  Two of these pairs are the Pd5 
and Pd6 cells.  The other pair is located on the lateral margins of the dorsal surface of each 
pedal ganglion.  M. leonina has only one pair of TPep-LIR cells and D. albus and D. iris 
appear to have 3 pairs of cells.  All three species of aeolids examined thus far (A. papillosa 
and H. crassicornis in this study, and P. sibogae in Croll et al., 2001) appear to have 4 pairs 
of large, dorsal TPep-LIR cells.   
 In T. diomedea, the Pd5 and Pd6 cells release TPeps on the ciliated pedal epithelium 
(Willows et al., 1997; Wang et al., 2003; 2004; Cain et al., 2005).  The application of TPeps 
to ciliated cells increases the ciliary beat frequency, thereby increasing the crawling rate of 
the animal.  It is possible that the changes in the number of TPep-LIR cells are a result of 
selection pressures on the production of TPeps.  If more cells can produce more TPeps, 
animals that have a larger foot area may have an advantage if they have more TPep-
producing cells.  While foot length, foot width and foot area were not significantly correlated 
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with cell number, there was a significant correlation between the number of cells and the 
ratio of the length of the foot to the width of the foot (Fig 4.10).  Species with a relatively 
wide foot tended to have more large TPep-LIR cells than species with a long, narrow foot. 
 The smallest TPep-LIR cells were in D. iris (relative size of 0.13) and M. leonina (relative 
size of 0.17) and may be related to the crawling behavior of those species.  Both M. leonina 
and D. iris have been observed to crawl using both mucociliary locomotion and muscular 
contraction (Agersborg, 1922; see Chapter 2).  All other species of nudibranch examined 
appear to crawl exclusively using mucociliary locomotion.  Compared to other nudibranchs, 
these two species also appear to have a less extensive network of TPep-containing neurites at 
the basement membrane of the pedal epithelium (see Chapter 2).  The ability to crawl using 
muscular waves may have relaxed evolutionary constraints on the size of the TPep-producing 
ciliary motor neurons in D. iris and M. leonina.  Although this method of crawling has not 
been reported in D. albus, it does not mean that the behavior does not exist in this species.  If 
D. albus are found to use muscular waves, this proposed relationship between cell size and 
mode of crawling would be invalidated.    
 While the number and relative size of TPep-LIR cells varies between species, a set of 
homologous cells that are conserved across the nudibranchs have nonetheless been identified.  
This finding is consistent with the observation that specific types of neurons tend to be 
conserved, but the number of cells varies between closely related species (Turrigiano and 
Selverston, 1991; Witten and Truman, 1998; Katz and Harris-Warrick, 1999; Katz et al., 
2001; Page, 2002).  If cell number can change rapidly, then the nervous system could evolve 
by increasing the number of cells with similar function.  The function of one cell could then 
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change to be incorporated into new behavioral patterns without compromising existing 
behavioral patterns.   
Chapter 5 
 
Conclusions and future directions 
  
 The TPep-based neural circuit underlying mucociliary locomotion in the sea slug Tritonia 
diomedea appears to be a general feature of all nudibranchs.  All nudibranchs examined have 
at least one pair of TPep-like immunoreactive (TPep-LIR) neurons that appear to be 
homologues of the Pd5 ciliary motor neurons in T. diomedea.  All nudibranchs also had an 
extensive network of TPep-LIR neurites at the basement membrane of the pedal epithelium.  
This TPep-LIR network was seen in a number of non-nudibranch species, as well.  A TPep-
based ciliary motor circuit may be a common feature across the gastropods, not just the 
nudibranchs. 
 In addition to the TPep-based ciliary motor circuit, there is evidence that the serotonin-
based system for controlling ciliary beating is also conserved across the gastropods.  
Serotonin has been shown to increase ciliary locomotion in the larvae and adults of diverse 
gastropod species (Audesirk et al., 1979; McKenzie et al., 1998; Uhler et al., 2000; Kuang 
and Goldberg, 2001).  If TPeps and serotonin were used as redundant mechanisms for 
increasing ciliary beat frequency in ancestral gastropods, the two systems could have evolved 
specialized functions in more derived gastropods.  For example, in T. diomedea, the 
serotonergic Pd21 cells are electrically coupled, so the activity of the right and left Pd21 cells 
are synchronized (Audesirk, 1978b).  As a result, when the Pd21 cells are excited, the ciliary 
beating is increased on both halves of the foot causing the animal to increase its crawling
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speed.  In contrast, the TPep-producing Pd5 and Pd6 cells are differentially active, allowing 
the Pd5 and Pd6 cells to affect turning as well as forward locomotion (Cain et al., 2005; Cain 
et al., 2006).  In T. diomedea, the Pd5 and Pd6 cells may be part of a neural circuit 
underlying orientation, while the Pd21 cells are part a neural circuit underlying forward 
locomotion.    
 A unique feature of the Pd5 and Pd6 cells is that their action potential frequencies increase 
when exposed to magnetic field rotations (Lohmann et al., 1991; Popescu and Willows, 
1999; Wang et al., 2003; Cain et al., 2006).  It would be interesting to test the response of the 
Pd21 cells to a magnetic field stimulus.  Does the magnetosensory system excite both the 
serotonin-based and TPep-based crawling circuits or do the two crawling circuits function in 
different behavioral contexts?  It would also be interesting to test the effect of magnetic field 
rotations on Pd5 homologues in various nudibranch species identified here.  Is the magnetic 
field orientation behavior a specialized feature of T. diomedea or is it a widespread behavior 
in the nudibranchs?   
 Regardless, the presence of Pd5 homologues in all nudibranchs is consistent with the 
observation that specific types of neurons tend to be conserved in the central nervous system 
(CNS), but the number of neurons often varies (Turrigiano and Selverston, 1991; Witten and 
Truman, 1998; Katz and Harris-Warrick, 1999; Katz et al., 2001; Page, 2002).  This feature 
of nervous systems is perhaps expected.  If an existing neural circuit plays a role in an 
important behavioral pattern, the neurons within that circuit are likely to be conserved.  
Despite the common observation of conserved cell types, unique neurons are often identified 
when species are compared.  For example, the anterior lateral giant (ALG) cells in mid-body 
ganglia of the leech Haementeria ghilianii have no corresponding cells in the medicinal leech 
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Hirudo medicinalis (Kramer and Goldman, 1981; Sawyer, 1986).  There are also dramatic 
differences in the presence of TPep-like immunoreactive cells in the central ganglia of 
different nudibranch species, including a large cluster of cells on the medial margin of the 
cerebral ganglia in the dendronotids that do not appear in any of the dorid or arminid 
nudibranchs (Figure 4.2).    
 The presence of TPep-containing neurites at the pedal epithelium of non-nudibranch 
gastropods does not support the idea that the peripheral nervous system (PNS) is 
evolutionarily labile while the CNS is highly conserved (Arbas, et al., 1991; Tierney, 1996; 
Katz and Harris-Warrick, 1999).  However, a problem with the hypothesis that there are 
differences in how the PNS and CNS evolve is that the distinction between the CNS and the 
PNS in gastropods is anatomical rather than functional (Chase, 2002).  The CNS consists of 
the central ganglia and the nerves connecting the ganglia.  The PNS is all other neurons and 
neural processes, including the neurons in smaller ganglia and the neural processes in the 
nerves that connect the CNS with tissues and organs.  Based on these definitions, the neural 
processes projecting to effector cells are considered part of the PNS, but the soma producing 
those neural processes may be part of the CNS.  In addition, while neurons in peripheral 
ganglia are considered part of the PNS, they do not function any differently than neurons in 
the CNS.  One of the arguments as to why the CNS might be evolutionarily conserved is that 
neurons in the CNS tend to be multifunctional (Arbas, et al., 1991; Tierney, 1996; Katz and 
Harris-Warrick, 1999).  However, neurons in the PNS might also be multifunctional, which 
would put them under the same evolutionary constraints as neurons in the CNS.   
 Designating parts of the nervous system as central and peripheral may be useful 
terminology for describing the nervous system, but it may not be a useful distinction when 
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trying to identify trends in how evolution shapes the nervous system.  In addition to 
identifying trends in the evolution of nervous systems, future studies should focus on the 
selective pressures that drive changes in the nervous system.  For example, the nudibranch H. 
crassicornis has approximately 450 neurons in the buccal ganglia while the dendronotid T. 
diomedea has over 1400 cells (Boyle et al., 1983).  What evolutionary pressures favored the 
increase in the number of neurons in T. diomedea but not in H. crassicornis?  T. diomedea 
feeds on sessile sea whips and sea pens while H. crassicornis is a generalist predator 
(Birkland, 1974; Tyndale et al., 1994).  Are the buccal ganglia in T. diomedea more complex 
as a result of its feeding behavior?  Investigating these questions will help reveal how 
complex nervous systems evolved and will give us a greater understanding of how the 
nervous system is designed. 
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